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ABSTRACT 


Some of the changes produced by chronic denervation in 
rat diaphragm were investigated. Calcium ion fluxes were studied 
by using radioactive Cat® and the results showed that the calcium 
influx, efflux and the exchangeable calcium is more in denervated 
muscles. AsSscciared wiin The increase in calcium, the rest hg 
membrane potential was reduced by 11 mV in denervated muscles and 
The duration of the action potential was prolonged after dener- 
VajTlon. The possible role of increase in calcium permeability is 
discussed. Calcium fluxes were increased by electrical stimulation 
and caffeine. It was also shown that the increase in fluxes 
Darailebled™ the increase in Tension. The effects of biocking ihe 
Transverse tubuies by glycerol showed that glycerol, besides 
blocking the T-rTubules, has other effects by which calcium influxes 
were increased, in normal! and denervated muscles. The possible 
links between these observations and other known effects of 


denervation are discussed. 
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INTRODUCTION 


1. HISTORICAL BACKGROUND 


For approximately a century, physiologists have been 
interested in the interrelationship between nerve and muscle since 
it was discovered that sectioning a motor nerve caused the inner- 
vated muscle to undergo atrophy and subsequent degeneration. 
Initially this was considered the result of a disturbance in the 
trophic functions of the nervous system. By trophic functions were 
meant "a certain regulation of tissue or cell metabolism which is 
dependent to a certain extent on the connection of these tissues with 
the nervous system" (Gutmann & Hnik, 1963). Gutmann and Hnik (1963) 
have suggested that aside from the exclusion of the phenomena of 
junctional transmission, i.e. nerve impulses producing end plate 
potentials, which result in muscle impulses, that all other functions 
are trophic. However, in contrast to this idea, work by Hamburger 
(1939) and Zelena (1962) showed that embryologically, nerve and 
muscle develop independent of the other, there being no trophic 
interaction. -Even after the formation of a nerve-muscle junction, 
the muscle still retains the capacity to grow and differentiate when 
denervated at this stage. However, this ability is lost with 
maturation. 

The usual technique that has been employed to study the 
trophic nervous influences on muscle has been to section or damage 
the nerve and observe the resulting changes in the muscle during 


nerve degeneration or regeneration. Other procedures have been 
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developed by subjecting the muscle to disuse by blocking nerve 
impulses in the absence of degeneration (Tower, 1937a, 1937b; Tower 
et al., 1941; Eccles, 1941, 1944; Johns & Thesleff, 1961). Similarly, 
tenotomy and cross-innervation techniques are also available (Tower, 
(959;MEccKes, 19445 Cuimann 4aVnbovaya1952 "ini keécSkorptlat1962)% 

In the late 1930's, three changes were considered to be 
specific in denervated muscle, these being: 

(1) an increased sensitivity to acetylcholine; 

(Zee i bailtation; 

(3) changes in electrical excitability. 
With regard to the first of these changes, i.e. increased sensitivity 
to acetylcholine, it was suggested by Brown (1937) and Rosenblueth 
and Luco (1937) that this increased sensitivity was restricted to the 
denervated end plate, since it was known that the acety!choline rec- 
eptors were localized to the neuromuscular junction. However, Eccles 
(1941a), Ginetzinsky and Shamarina (1942) as quoted by Eccles (1963) 
and Kuffler (1943) demonstrated an increase in receptor area along the 
muscle fiber length. Similarly, Axelsson and Thesleff (1959) showed 
in cat tenuisimus muscle that, following denervation, the acetylcholine 
sensitive receptor areas were uniformly distributed over the whole 
length of the muscle fiber. However, Miledi (1960a), using denervated 
frog sartorius muscle, showed that, although the entire muscle fiber 
became more sensitive to acetylcholine after denervation, a preferential 
sensitivity, about 1,000 times more, still existed at the motor end 
plate. Katz and Miledi (1964) also showed that although the whole 


denervated frog muscle developed a high sensitivity to acetylcholine 
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after 2 weeks of denervation, a remote part of the muscle fiber, 
distant from the end plate, could independently develop a high drug 
sensitivity. They also demonstrated that the chemosensitivity of a 
muscle was labile and subject to long term changes. Using denervated 
rat hemidiaphragms, Mitchell and Silver (1963) reported that passive 
acetylcholine release from denervated end plates fell within 2 hours 
of denervation to 50% of control level with a return to near normal 
values after 11 weks. They also observed the passive spontaneous 
release of acetylcholine at different temperatures and concluded that 
only a very small portion of the acetylcholine spontaneously liberated 
can be associated with miniature end plate potentials. Krnjevic and 
Straughan (1964) observed that acetylcholine liberation from 22 to 24 
days denervated rat diaphragms was about 2/3 the value of normal 
muscle at rest, with there being a small increase after direct stim- 
Ulagions eAkhonwet tals ect97/0alsco observed avsmal ler welease of 
acetylcholine from denervated rat diaphragm upon direct stimulation 
as compared to normal muscle. Potter (1970) localized acetylcholine 
synthesis in the region of end plates in normal rat diaphragm, in 
which it was reduced to a few per cent after 6 weeks of denervation. 
The mechanical responses of the denervated frog muscle to acetylcholine 
in sodium-free solutions were shown not to be mediated by membrane 
depolarization (Lorkovic, 1970), it being proposed that the primary 
action of acetylcholine was either on the outer membrane, involving 
no changes in the membrane potential, or was exerted by a change in 
the properties of the T-tubule membranes at the level of triads. 


Very recently, Fleming (1971) also studied supersensitivity of the 
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rat diaphragm to potassium and concluded that the supersensitivity of 
the diaphragm had two components: 

(1) a marked, highly specific supersensitivity to cholinergic 

agents like acetylcholine; and, 

(2) a small, non-specific supersensitivity to potassium 

which was proposed to be associated with the changes 
in the membrane and/or excitation-contraction pro- 
perties. 

Since denervation produces a marked increase in the sensitivity 
to depolarizing drugs in the extra-junctional region of the skeletal 
muscles, Taylor et al. (1965) found that labelled decamethonium became 
concentrated in the junctional region of normal rat diaphragm. This 
had already been shown by autoradiographic studies of Waser (1960). 
Creese and MacLagan (1970) also showed that decamethonium entered the 
muscle fibers, while Taylor et al. (1967) have observed injected 
radioactive decamethonium to remain in muscle in conjunction with a 
rapid fall of plasma concentration to low levels. Creese et al. 

(1971) also showed that the uptake of decamethonium could be blocked 
by tubocurarine, that denervated muscles took up less during tm vtvo 
than the normal muscles, and that tm vttro the uptake in denervated 
muscle was markedly increased, being located in the extrajunctional 
region. Similar results have also been obtained by Waser and Nickel 
(1969), and by Cookson and Paton (1969) who proposed that the alter- 
ation in permeability produced by the pharmacological action of deca- 
methonium, leads to the entry of organic cations as well as the net 


movements of inorganic ions. 
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The second specific change following denervation was observed 
ey fibrillation, the onset of which has been found to vary with the 
type of preparation. It has been observed jin cockroach muscle 
(Beraének et al., 1959) and follows 40 to 60 days after denervation in 
frog muscle (Reid, 1941). Hnik et al. (1958) as quoted by Hnik and 
Skorpil (1963) have noted fibrillation to occur as early as 40 hours 
in mice, and 29 to 49 hours in rats. The intensity of fibrillation 
was found by Brown (1937) to be increased by acetylcholine if applied 
in small doses, leading him to believe that fibrillation resulted 
from the action of acetylcholine on the highly sensitized muscle 
fibers. Rosenblueth and Luco (1937) rejected this idea, since curar- 
ine was unable to depress these fibrillations. Curarine, neverthe- 
less, was very effective in depressing the excitation of denervated 
muscle ay applied aceryicholine. As well, atrer re-Innervarion, 
Feinstein et al. (1945) as quoted by Hnik and Skorpil (1963) reported 
fibrillation to djsappear. By means of intracellular recording, Li, 
Shy and Wells (1957) observed continuous wave-like variations in the 
membrane potential. These were believed by Ware, Bennett and McIntyre 
(1954) to be superimposed upon a depolarized membrane, with the 
generation of a muscle impulse occurring when a depolarizing wave 
attained a critical level. However, no changes in the resting 
membrane potential were noted by Nicholls (1956), although Harris 
and Nicholls (1956) observed an increase in the membrane resistance 
and a decrease in potassium permeability later. Ltl!lmann and Pracht 
(1958) found, in denervated rat diaphragm, that the extracel! lular 


space had increased by 5% of its wet weight, that the fiber water had 
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decreased by 28 gm/kg of its wet weight, and that the membrane potential 
had decreased by 13 mV. Recently, Belmar et al. (1966) showed in rat 
muscle that fibrillation action potentials originated at the denervated 
end plate zone, while acetylcholine and noradrenaline increased the 
frequency of fibrillation when applied in smal! doses to the dener- 
vated end plate zone surface. Large doses of acetylcholine depressed 
the fibrillation frequency. They also showed that large doses of deca- 
methonium depolarized the muscle membrane and reduced the amplitude 

of action potentials. Increased amounts of Mg’ and Calne and d- 
Tubocurarine had no effect on the fibrillation frequency. By studying 
the calcium uptake by the sarcoplasmic reticulum obtained from glycer- 
inated rat diaphragm, Howell et al. (1966) concluded that fibrillation 
could be related to surface membrane instability caused by a persistant 
sequestration of calcium in the sarcoplasmic reticulum. In a similar 
study, Brody (1966) observed a greater calcium uptake by the sarco- 
plasmic reticulum of guinea pig gastrocnemius muscle, and suggested 
that fibrillation could be explained on the basis of an enhanced 
ability of the sarcoplasmic reticulum in denervated muscle to release 
and bind calcium. However, Miledi and Stefani (1970), by their 

studies on the miniature end plate potentials in denervated slow 

muscle fibers, in which they observed these to be of a variable time 
course and amplitude, with a slow frequency that could be increased 

by hypertonic solutions, suggested following nerve ere one that 
the Schwann cells of small motor nerve fibers release packages of 
transmitter, resulting in these miniature end plate potentials. 


The third specific feature of denervation was noted to be a 
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change in the electrical excitability of the muscle (Lewis, 1962; 
Eccles, Eccles & Kozak, 1962). Moreover, Desmedt (1950a, 1950b) 
demonstrated, shortly after denervation, a progressive increase in 
chronaxie, reaching a stationary level of approximately 15 mS, as 
well as a slowing of accommodation, which was associated with the 
onset and development of fibrillation. Recovery from these excit- 
ability changes was shown to begin at an early stage of nerve regen- 
eration, being completed upon restoration of neuromuscular trans- 
mission. Nicholls (1956) observed no change in the resting membrane 
potential of the denervated frog sartorius muscle; however, Harris 
and Nicholls (1956) observed an increase in the membrane resistance 
and a decrease in potassium permeability, which was further confirmed 
by Jenkinson and Nicholls (1961). This increase in membrane resis- 
tance was also observed in denervated frog muscle by Hubbard (1962, 
1963a, 1963b) who contended it to be mainly the result of a decrease 
In potassium permeability, There being no effect on chloride perm- 
eability. A decrease in resting membrane potential was also observed 
if rat diaphragm@by Lal imannvand Pracht +(1957 771956) >ssand later by 
Thesleff (1963). A similar study of membrane properties of dener- 
vated fast and slow muscles by Albuquerque and Thesleff (1968) 

showed that the membrane electrical time constants, the transverse 
resistance, and the action potential threshold were increased in both 
EDL and soleus muscle, while the rate of rise and amplitude of the 
spike were significantly decreased. Therefore, it was suggested that 
there was possibly a reduction in the number of membrane sites 


connected with the passive ionic transport. More recently, Redfern 


i 7 — _ ~~ 
y ’ 7 = 
eS an 


re et ox er uP: 
: i% 4 an Pa q?) 


a ial @ rene ae eee Lig de whee t ro 


i me Hy igre cea iain i \ ant tote € wieiens wn ab id 
a >} a -_ - ; P 


sae aii’ Agel rly pean te ghinwles 28 ow 


Sate 


Ateesn aol et wie ote RD to Rkgoleved bas TeaAS: 


7 b ¥ 


suena awe Ye pele. eleee om FU neQhe WF Ge Av PRES eth liam 
- ; ere! 
yren? aes ff i 4 ca , nal te 
_ 1 y 744 

a 


a ‘pe Vy = Went ey a ote s nid | 


ent Wi eaRba vr teyyredo |Satebd (39 Ton iy! a 


Ee | 
{ i a : ‘au ‘. » =i ® 
Wi euer Bite ie OO ee i “arm ah? 6 le t rnatog : 
. | 3 
ect saidean ott Wt Henini? pe Pewee: cer) 2htan oie ns 
it 4 | fi bay | i iq y . j 5 eee i 
-_ ' ] gir ee ry t é i) ‘4 | iT? 
eh by} } at yer f byt oth ; ii . p “i 
ri 1 Te wots ad | cys i ‘ig Gt i i 


eittan atiaolds te Soe Gat eriad att ri) deserts mMiReeTSq FT 
7 
cand Pal OF | Bay as re ee bea ten i BSED 7u A syt 5 chee 


. es 
yr atN haW RP TCE), Fe WAS My oy ‘at asiiony: Sl te 
é _ I 
“lh Go. 208 ayer anna Fe ya. TH TNTE PD ig 245) Vl een 
he 
| , ; - = , : 7 
(ot) Piet codtl 4ine ee outua) Ay! Seloeum ele Wie lhl _ 
. a ae 
ein vee} use|. Oo. ni ont) envi? ¥¢ fe BAty ar) "4 Nae aan ? ave? ower - 


~ 


7 , i" ae : 
AtOd 4!) Oss Sunn’! eee iy Matias WHY lc lhe to5  rmtt om, BA) tne). gong eer 


ort aoe @eTA. * ‘i o met wet al Ae nye 
ie 7 : 
_«.¢ ait: nah pus wi ees 


: esti — 


a = 


nae ' 


et al. (1970, 1971) showed, following denervation, that the action 
potential generation mechanism became resistant to the blocking 
action of tetrodotoxin, while between 30 to 40 hours post-denervation, 
the action potential rate of rise was reduced to one third, the 
membrane potential decreased by 14 mV, and the electrical time con- 
stant and membrane resistance increased by 70% and 50%, respectively. 

Because it had been shown by Ringer as early as 1885 that 
calcium was an important ion for muscle contraction, Hines and Knowl ton 
(1933), Knowlton and Hines (1937) and later Shimizu and Kuriaki (1960) 
investigated the calcium changes in muscles following denervation, 
finding the calcium content to be increased. As well, it has been 
hepomied py sumoller cereals (1250) Fihat the=calcium ion content In 
rat muscles was unchanged at 10 days, but increased after 20 days 
denervation. None of these authors showed whether this increase of 
calclumvececurred in the extracel lular-or intracellular muscle compart- 
ment, although Fenn et al. (1937) and Morgulis and Osterhoff (1938), 
using dystrophic muscles, correlated an increased calcium uptake with 
the histological observation of calcification and fibrosis. 

In the recent years, the ionic fluxes in denervated muscle 
have also been studied. Jenkinson and Nicholls (1961) found in 
depolarized denervated rat diaphragm, that the calcium uptake, plus 
Na’ and KT fluxes, were increased by acetylcholine, which also caused 
contractures in the depolarized muscle. These contractures could be 
blocked by tubocurarine or by the absence of calcium, it being con- 
cluded that the acetylcholine contractures resulted from an increased 


cell membrane permeability to calcium jons. There have also appeared 
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reports concerning the accumulation of Na” in denervated muscles 
(LulImann, 1958; Drahota, 1963; Gutmann& Hnik, 1963; Dockry et al., 
1966), as well as an observed jncrease in the Na” fluxes in myotonic 
dystrophic muscle (Hofmann et al., 1968). I+ has also been shown 

by Gutmann and Sandow (1965) in rat EDL muscle, that the suscepti- 
bility to caffeine contractures was markedly increased after dener- 
vation. This suggested that whereas caffeine was unable to release 
calcium from intracellular sources in normal muscle, after denervation 
the reticulum became altered such that it readily relinquished calcium 
in the presence of caffeine, causing a contracture. Howell et al. 
(1966) followed this with the observation that the isolated sarco- 
plasmic reticulum in denervated glycerinated rat diaphragm had an 
increased calcium uptake of 23 times. Similar results were also 
obtained by Brody (1966) who found a three-fold increase in calcium 
uptake by microsomes in the denervated gastrocnemius muscles of the 
guinea pig. Sandow et al. (1965) and Isaacson and Sandow (1967) 
further observed in denervated rat EDL muscle, the calcium uptake To 
be greater than normal muscle with and without the presence of caf- 
feine. Lahrtz and LUI Imann (1967) measured the calcium fluxes in 
denervated rat diaphragm, observing, however, no change in the Cae 
efflux time course between normal and denervated muscle (half time 70 
minutes) nor any difference between the total calcium content of the 
two muscle preparations, thus concluding that the cell membrane con- 
tained a freely moveable calcium fraction. Recently, calcium and 
lanthanumhave been shown by Parsons et al. (1971) in denervated muscle, 


to decrease membrane excitability, and to depress the following features 
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of the action potential: the maximum rate of rise, the overshoot 
and the maximum rate of the falling phase. 

The morphological changes associated with denervation were 
iHittaliysstudied byshightimicroscopys Tower?( 195251955) Sdescri bed 
atrophic changes occurring in muscle following one year of denervation 
with an accompanied reduction of nuclei in the nuclear bag and a dis- 
hnreqrationvof intrafusal ariiberss*’ This Wes confirmed by Chor’er al. 
(1937). Tower (1935, 1939) also observed the | bands to be longer 
than the A bands, agreeing with the recent finding of irregular 
Vania ons ainuriessarcomers length (GuimanneceZelenay 1265) ‘Later 
Bowden and Gutmann (1944) observed a decrease in fiber diameter and 
weight secondary To a decrease in fiber water and proteins, a loss 
of fiber cross-striation, and an increased number of nuclei and 
nucheoli. wWoreover, “afirer whreesycars on denervation, they observed 
auloss lmiheeanaromicall continuity of fre fivers, eigher by long= 
foudinaltsp itr ing Into sepanage a libri isytor by ttragmentanrionsinto 
oval segments. The change in nuclear content following denervation 
has been further clarified by Gutmann and Zelena (1963) to involve 
am imi ial 402 increase wim DNAS for thestirstamonth, with acreturn 
afterwards to the same content as in normal muscle. Another early 
observation was the replacement of muscle by fat cells (Chor, 1937; 
Bowden & Girne 1944; Gutmann & Young, 1944) which, in rabbit 
EDL and soleus muscle, has been noted to occur in the intracellular 
SUEICSE 

With the advent of electronmicroscopy, histologic attention 


has now focussed upon the ultrastructural changes following dener- 
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vation. As a result of intensive study, the sequence of degener- 
ative changes in muscle after denervation can be described as 
follows. After sectioning, the distal end of the nerve quickly 
degenerates, with a decrease in the density of the axonal matrix 
after 2 to 4 days. Within a few more days, the axon terminal 
completely degenerates, retracting from the muscle fiber, except 
for the post-synaptic foldings, still visible and allowing iden- 

Tif icamonvot the mororrend)pilatem(Mi ledivasSlatery* 196302 “Further 
work by Miledi and Slater (1970) in rat diaphragm has demonstrated 
complete failure of end plate transmission after 20 hours of 
sectioning, accompanied by a cessation of spontaneous miniature end 
plate transmission after 20 hours of sectioning. As well, upon 
complete failure of transmission, the end plate structure appears 
abnormal, while the nerve terminal disintegrates into small frag- 
ments. However, in frog muscle, the miniature end plate potentials 
have been shown to persist long after complete axonal degeneration 
CBiiCKS Cteal., M960) er iinaran,legtmuisclespeaduringr ines tinsi ez eweeks 
of denervation, there has been noted an initial rapid decrease in 
weight, becoming less later (Pellegrino & Franzini-Armstrong, 1963). 
Within the muscle, fibers at first loose their contractile material, 
then mitochondria, and later sarcoplasmic reticulum. Alterations 
commence at the Z line which becomes bent, resulting in a disturbance 
of the thick and thin filaments, while the sarcolemma and basement 
membrane invaginate deep into the fiber substance. Later, the 
fibril diameter becomes decreased. During the period of contractile 


material degeneration, the sarcoplasmic reticulum appears to become 
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over-developed. This has been attributed to: 

(1) a proliferation of the tubules derived from the 
T-system; 

(2) the appearance of pentads derived from the triads, 
being composed of two T-tubules lined and separated 
by the terminal cisternae of the sarcoplasmic 
reticulum (Pellegrino & Franzini-Armstrong, 1969). 

Furthermore, the hypertrophy of the sarcoplasmic reticulum becomes 
more obvious as a result of the over-development of tubules and 
vesicles secondary to an increase of the sarcoplasmic protein 
content (Margreth, 1966). Along with the contractile material de- 
generation, the mitochondria progressively decrease, which in rat 
diaphragm occurs early and extensively.(Miledi & Slater, 1968). 
However, the rate of atrophy in frog muscle has been observed to be 
slower, with degenerative changes occurring much later (Muscatello 
Sipiaibas, Al IG5): . 

Unlike other muscle, rat diaphragm undergoes a temporary 
hypertrophy, which has been noted to be maximal 7 days after dener- 
vation. This hypertrophic state later subsides, the muscle under- 
going atrophy as in other types of denervated muscle. Miledi and 
Slater's (1969) recent electronmicroscopic studies in rat diaphragm 
during hypertrophy have demonstrated the fiber cross-sectional area 
and number of myofibrils to be increased. Because no changes in 
the filament spacings were observed, it was concluded that the 
number of actin and myosin filaments were also increased. Feng, 


Jung and Wu (1963) and recently Jurmaniva and Zelena (1970) have also 
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shown the anterior latissimus dorsi, a slow muscle in the Chicks. To 
become hypertrophic after denervation. The latter investigators 
also observed, in conjunction with this hypertrophy, degenerative 
changes to occur, similar to those described in other denervated 
atrophic muscles. Furthermore, in chicken dystrophic muscle, 
Baskin (1970) observed areas of enlarged sarcoplasmic reticulum, 
plus a decreased membrane bound creatine phosphokinase in the muscle 
microsomes. There was no observed increased calcium uptake by the 
Sarcoplasmic reticulum. Hence in summary, the electronmicroscopic 
OvUSerValloOn Of The muscle preparalion Om Various Tydes Of arrophic 
muscles, have revealed the following common features: dissociation 
of the surface membrane complex, a decrease in fiber diameter, the 
presence of satellite cells and myoblasts, lamellar arrays of 
membrane-bound cisternae, and fragmentation of the muscle fibers 
with subsequent degeneration of the fragments and disintegration 

OS Pinomyomulanent Ss (Biiks ef al., 1959S: Pellegrino 61 cls, (90D. 


Hess & Rosner, 1970; Schrodt & Walker, 1965; Miledi & Slater, 1969). 


PIES STON T Cary POTHESAS 


loeeResting Membrane Potential : 


In 1895, Biedermann discovered that application of an 
isosmotic potassium chloride solution to a portion of muscle generated 
a large potential difference between the site of application and the 
remaining surface of the muscle. Later Hober in 1905 extended this 


observation, finding that the ability of various cations in altering 
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the resting potential of muscle increased in the following order: 
VigmiiceaMG, 86s; Naw saRb. Keech arlyoehestoundutihase neaanionsain 
Te sOrdereCNS, NOs chysBryeClS—eecctates HPOpe4S0,. tanifare hadethe 
same effect. In 1902, Bernstein published his membrane theory in 
‘which he postulated: 

(1) that the resting potential was pre-existant at the 
plasma membrane cf the cell; 

(2) that the resting potential was maintained by 
Virtue of The semi-permeabi lity of the plasma 
membrane. 

At that time, rhe pre-existance of ions im<electrolyre solutions, 
and the osmotic phenomena of membranes was already known, Nernst's 
DOOk On wineorerical chemistry havingsalso been published. Later, 
Bernstein added two more postulates to his theory: 

(i) that sthesresting potential was.a diffusion potenwial 
restuhming | romaine dinterence fig, te wmol arity. Of 
potassium and phosphate ions through the membrane; 

(2) that the action potential was caused by a reduction 
Ofamine wes Fung epoten | alessesu lil iG) Tiromgas Non 
specific increase of permeability of the membrane 
dURENG act IW hive 

lt was further demonstrated that the relationship between the resting 
potential and the external potassium concentration could be expressed 
by the Nernst equation. However, this equation did not consider 

the effect of potassium permeability in maintaining the resting 


potential (Field.e? ale, 1959). 
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The Nernst equation represents the value of the resting 
potential that would be obtained if the concentration gradient of 
potassium was the cause of the resting membrane potential. There- 
fore, when the recorded resting membrane potential was observed to 
exceed the value calculated by the Nernst equation, it was believed 
that the resting potential was generated by some electrochemical 
mechanism other than the simple diffusion of potassium ions. To 
explain this divergence between the observed and Nernst theoretical 
resting potential, Hodgkin (1951) used the modified Goldman (1943) 
equation and showed that at least three ions, K, Na and Cl were 
responsible for the maintenance of the resting membrane potential. 

According to recent studies, the cell membrane of mammalian 
skeletal muscle has been demonstrated to possess three interrelated 
properties: 

(1) that the membrane separates an intracellular fluid, 
with a high potassium and a low sodium concentration, 
and an extracellular fluid with a high sodium and low 
potassium concentration; 

(2) that the membrane is permeable to sodium and 
potassium ions, as shown by their continuous flux 
across the membrane in radioactive tracer experiments; 

(3) that across the membrane there exists an electrical 
potential difference of -85 to -90 mV, as measured 
by intracellular microelectrodes. 

Despite the cell membrane's permeability to sodium and potassium ions, 


the internal ce.|lular composition of these fons has been noted to be 
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constant. This has been shown to be maintained by an active transport 
"pump" process, involving active sodium efflux across a concentration 
and electrical gradient and a balancing of the internal potassium con- 
centration, the metabolic energy being derived from ATP breakdown. 

For the transport of cations, it has been necessary to propose the 
presence within the membrane of sites capable of transient binding, 
which appears to be dependent upon ATP, as this active transport 


process has been shown to be linked to ATP breakdown. 


Za Achion Potentials: 

AT present there is one’ generally accepted theory of 
action potential production. This theory is based upon the move- 
ment of ions across the cell membrane, namely an influx of sodium 
hesuilt ing: inedepotari zaitvony (Hodgkins Huxley & Katz, 19525 hodgkin 
cerU<eyVern O5Zb Mccy dare) 2 eAsiwe lieeiniosr cinon Doren tia siof 
skeletal muscles have also been noted to be characterized by after 
potentials, either negative or positive, appearing late during the 
repolarization phase. The term 'negative after potential’ has been 
used to describe the slow declining membrane potential change 
following the initial short duration spike potential (Cin a mono- 
phasically recorded action potential). During this time the 
membrane is still slightlydepolarized. Similarly, 'positive after 
potential’, referred to as an 'undershoot', describes the temporary 
persistance of the membrane potential, after the spike potential, 
at a level below that of the resting potential. Various speculations 


and hypotheses have been proposed to explain these after potentials 
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in terms of associated jonic movements. Nastuk and Hodgkin (1950) 
first showed that the action potential of a frog muscle fiber was 
followed by a negative after potential. Desmedt (1953) noted the 
membrane potential at the beginning of an after potential was 
largely independent of the potassium concentration ratio, [K],/[K];, 
across the membrane. Nevertheless, because the resting membrane 
potential has been known to depend upon the ratio [K],/[K];, it was 
suggested that the amplitude of the after potential relative to the 
resting membrane potential also depended on this ratio. Assuming 


the Time course of the after potential fo be exponential (Frank, 
1957), it has been further suggested that the membrane was passively 
recharged by a constant resting leakage conductance during the 

arrer porential “Frank, 1957; Hugter @ Noble, 1960). “However, 
MacFarlane and Meares (1958a, b) showed that metabolic poisons 
slichpased int tropmenol andr cooling, reduced oreabolished qe nmeqarive 
atier potential. »Moreover, Lubim (1957) demonstrated that replace-— 
ment of chloride in the extracellular fluid by other halides or 
thiocyanide increased both the negative after potential and twitch 
tension. It has also been suggested by Frankenhaeuser and Hodgkin 
(1956), Frankenhaeuser and Moore (1963) and Persson (1963) That a 
small delayed increase in sodium permeability could explain most of 
the properties of the negative after potential. A similar conclusion, 
ine. a rise Im ithe soditim=componentrduring the action potential 
plateau, was made by Noble (1962) in frog heart muscle. Recently 
THe OUSeErVallOons OTe Adrian er al.e (9/0 have: sugges ied that va 


delayed rectifying channel could be responsible for rapid repolar- 
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ization during the falling phase of an action potential and the early 
after potential. The positive after potential has been believed to 
be associated with a pronounced decrease in the membrane resistance 
(Grundfest et al., 1953). According to the sodium theory of Hodgkin 
and Huxley (1952a-e), the undershoot of the squid giant axon could 
be attributed to an increase in the potassium membrane permeability. 

Electrically, the action potential consists of a transient 
depolarization of the cell membrane, bringing about a sequence of 
processes enabling the electrical charges to activate a mechanical 
BCSVONnSCrew chice, Thesacl lOnm pelteni fal Nol only elicits: conmraction, 
but also correlates the nature of the contractile response. This 
correlation has been demonstrated by the use of substances which 
DroducemsimUln-ancous changes Ih certain tearures Of DoT The acrion 
potential and the twitch mechanical response (Bianchi & Shanes, 
1939 SF cendoweeleals w1cOD). SINUS, speCcinic Changes in ine fearures 
of the action potential during the mechanically effective period, 
j.e. the duration of the action potential at the mechanical threshold 
level, could be correlated with subsequent changes in the mechanical 
response. For. example, Sandow et al. (1965) showed that NO3 and 1 
mM caffeine, which only prolong the duration of the action potential 
by 10% of normal, decrease the mechanical threshold from -50 mV to 
-65 mV, producing a potentiation and prolongation of both the twitch 
and rate of rise of tension. Similarly, these workers also demon- 
strated that, although heavy metal ions (Zn or UO2) would not change 
the mechanical threshold, they would tremendously increase the 


duratiom of the action potential, thus increasing beth the, peak 
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tension and the duration of twitch. However, the increase in rate of 
rise of tension was delayed, the cause of which was suggested to be a 
prolongation of the spike, in turn prolonging the mechanically effec- 
tive period, thus delaying the onset of excitation-contraction coupling 
till late in the mechanically effective period. This would be 
projected in the mechanical response as a corresponding delay in the 
onset of the associated increase in the rate of rise of tension. 
Similar relationships between the shape of the action potential and 
the resultant twitch had also been previously proposed by Edwards 

et al. (1956) and Lubin (1957). Thus, it has been generally agreed 
that changes in the shape of action potential produce changes in 
excitation-contraction coupling, in turn resulting in alterations 


Of ilesconitact itewproper ies of <a muscle: 


Pl. SEXCl TADION=CON TRACTION COUPEING 


ieeehis1OGi cal Meackground: 


As has been mentioned, Ringer (1883) was the first to note 
calcium as being necessary for the contraction of heart muscles. 
Later, Locke and Rosenheim (1907), using a capillary electrometer, 
demonstrated that removing the external calcium resulted in a dis- 
appearance of mechanical beat, concluding that calcium was necessary 
for the "production of the wave of contraction out of the wave of 
excitation". Hines (1913) also demonstrated that replacing calcium 
in the external solution by the addition of srt greatly prolonged 


both the electrical and mechanical responses, compared to those ina 
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normal calcium medium, this being further suppor ied by seThersnGal y 
& Clark, 1921; Bogue & Mendez, 1930). Later, Heilbrunn (1940, 1943) 
suggested that the release of calcium from the cel|l cortex lead to 
the coagulation of intracellular muscle proteins, in turn resulting 
in muscle contraction. Heilbrunn and Wiercinski (1947) further showed 
that calcium in a concentration as small as 0.2 mM was able to produce 
contractions, concluding if To be The only physiological ion capable 
Ofmeimkssentecis, although Batt and Sr** could also induce contractures. 
This work of Heilbrunn and Wiercinski was against the theory of 
Szent-GySrgyi (1945), who, working with purified proteins, contended 
Tet abecatsesCa wreand Mgtt were strongly bound by myosin and thus 
immobilized, it was the movement of Kt which conditioned contraction 
Omerelaxal lon. However, Sendow (1952) pointed out that contract ion 
of the muscle depended upon the excitation of the membrane, thus 
Posi Ulaninga | lat, aisnhe SUL faccaCuningnexel tation, eamsubSianceawas 
released which moved inward to the contractile machinery to initiate 
contraction. He termed this sequence of events "excitation-contraction 
coupling", further demonstrating by massive stimulation of the muscle 
iO eliininates|ocal scurrenisadhars longitudinal currents playedine 
role in excitation-contraction coupling. This conclusion of Sandow's 
was also based on previous work by Kuffler (1946) which had shown 
that a muscle could not develop local currents during K* induced 
contractures because the membrane potential was constant over the 
entire length of each fiber. 

Later, Niedergerke (1955) showed, by the electrophoretic 


app | ecanlonvor Cat , that during a current pulse the muscle would 
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develop a local contraction, followed by partial relaxation when 
the current was terminated. From this he concluded that calcium 
was praying” a "rolée™@as a Winkwinetne contracti lewcyele., =Similarly, 
Caldweli@and Walster (1963) /"bysthe injection -vof "1 tov>0 mMiCaC lay 
SrC!2, BaCl2 and caffeine into single muscle fibers, obtained con- 
tractions, which approximately were of the same duration for low 
concentrations of these substances with the same molar quantity. 
The explanation of these results was based on the assumption that 
such substances caused a release of Osta From a ‘binding site; one 
which had also been proposed previously by Frank (1962). 
Constantin et al. (1967) also demonstrated in skinned 
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heogemusele tri bers thai eat scoumldeinduce locals contractures. 


Ze eCalciumvel uxes: Dur ing Con iract ton: 

In 1957, Hodgkin and Keynes showed Cat® to be accumulated 
ineihe@restingesaulidt¢iant Taxon With an increase Tavint luxdur ing 
Clee ricalesa imular ion and K depo llarizan(on.  -olmblariy, s3anchi 
and Shanes (1959) showed the influx of calcium per twitch (potentiated 
by NO3) to be thirty times greater in muscle fibers than in stimulated 
nerve. A further observation was that an increased external calcium 
concentration increased the resting influx, but not the influx during 
achivity., suggesting separate membrane sites of calcium entry for the 
two processes. Later, Shanes and Bianchi (1960), using frog sartorius 
muscle, studied Cat® release during electrical stimulation and Kt 
contractures, finding the efflux per twitch was the same as the 


int liwper awinch, and ther ihe release oT Cat? during a K’ contracture 
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was dependent upon the extent of contracture, suggesting the short- 
ening process influenced Cat® efflux. At the same time, Winegrad 
(1960) demonstrated in the guinea pig heart, that an increased rate 
of stimulation was parallelled by an increased ell Uptake per beat. 
In view of the results of Bianchi and Shanes, and those of Winegrad, 
it would appear that there was a quantitative correlation between 
the strength of contraction and the amount of ea! eniering the 
cell. However, Weiss and Bianchi (1965) showed that although frog 
sartorius muscle had a greater at uptake, in nitrars Than schlorids 
Ringers for potassium concentrations between 16 and 32 mM, but not 
for 48 to 80 mM, the maximum developed tension plus the tension 
CULVe_alea iinecrsased Over aine mange 6 oO S00 mM kK. suggested oY 
int leer lon Dendiahiiw an Velyscorrelialed withy changes sine ine 
Tension curve. area during Kr Connect Unes. 


some evidence has been presented for Ca, being firmly 


bound on intracellular sites within the muscle fiber (Hodgkin & 
KeViIICS Ao Ouien Haticl.S0 OovetGol LboriiG Penn, ploo/ce-ohaness G.Blancht, 
1959). For example, Harris (1957) showed prolonged soaking of frog 
muscles in Cat® exchanged only 10 to 25% of the total Cape Moreover, 
upon exposing these muscles to an EDTA, Ca” free solurion,; nor al! 
the contained Cat® was observed to elute, thus suggesting a "bound" 
fraction. However, because these experiments were performed at 4°C, 
the values of Shanes and Bianchi of 38%, and Gilbert and Fenn of 39%, 
exchangeable Ca’* at room temperature, would probably be more 


representative. From this demonstration of Cart, compartmentalization, 
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the theoretical distribution of muscle Ca” has been conceived as 
follows: a "membrane" or loosely bound oe relatively freely 
exchangeable, its Influx probably being associated with contractures 
produced by agents such as KT; a slonesof bound Crane not as freely 
exchangeable, probably being localized on the membrane and/or sarco- 
plasmic reticulum; and, as suggested by Curtis (1970), an intra- 
cellular Ce ar probably being firmly bound in various intracellular 
AITO RES c 

In an attempt to determine the mode by which calcium induced 
contractures, Hill (1948) calculated the time required for calcium to 
ditphuse wi EOnmineeSUifacosmemb! anemLhOsconihaci LespiLOLe! ns, amon Und aii 
to be significantly longer than the time observed between the generation 
of an action potential and the mechanical response. Winegrad (1961) 
and Frank (1961) furthermore showed that the amount of Caug inf lux 
during stimulation alone was not sufficient for contraction. 
Similarly, Weber et al. (1963a, b) and Portzehl (1964) demonstrated 
the Ca" threshold concentration required for activation to be 
euneele vanreval Wee Ca** influx concentration during a stwitch, as yopsenved 
by Bianchi and Shanes. Sandow (1965) showed the difference between 
Theseutwo cconcenirarions 10 .be, 10>to 100, fold. Therefore, it 
was suggested that special mechanisms existed to increase the release 
of Ca” CU ing eac iiV ity. eVen. Imouch eno ned dali lomgloss sor ca’* 
occurred, it appeared that marked shifts occurred in localized intra- 
Cellular eregionseon individual, fibers ducing sachivity.. Hencey Bianchi 
(1961) suggested that Ca” influx during stimulation was due to an 


uncharged calcium ion pair. Hodgkin and Horowicz (1960) also postulated 
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that depolarization initiated contraction by allowing the entry of an 
activation particle, possibly a negatively charged calcium ion complex. 
Therefore, it was possible that in fast skeletal muscles, the entry 
of Ca" involved the release of further larger amounts of Ca" from 
cellular stores, either on the membrane or on the sarcoplasmic reti- 
culum. 

Bianchi and Shanes (1959) also demonstrated the necessity 
of an external Gag concent ram Ons timrelailonsitosihs tariux sdur ing 
ac ri levey oll larly jihrankel 985) 1960) 1961 showeds that KT induced 
contractures were rapidly inhibited in a Cal" freesolurion; this 
inhi bimion alse being shown to ccecuri withouTtyalichange in) thevdegree 
of KT induced depolarization or in the resting membrane potential 
(Frank, 1958, 1964). The above worker further demonstrated that the 
rate-limiting step in this inhibition of KT induced contracture was 
THEROLETUS ONeO', ba from the extracellular space, as the muscle 
size, rather than fiber size, determined the time period required for 
inhi bition to. occur..-This) was! further preven’ by the use of EDTAJinva 
Ca’” free solurion,- causing Thestahibition of KT induced contractures 
to occur more rapidly. Frank (1961, 1962) also showed that some 
multivalent metallic cations (cO"* and Niv) were capable of sub- 
Sine Ot Caren allowing Ke induced contractures to take place 
ina Ca’* free solution. The means by which these jons assisted in 
producing a contracture was considered to be different from that of 
Coun Frank himself believing that these ions released ca** f rom 


binding sites, in turn resulting in a contracture. 


S| ) y a 


at sansa 
| _ : . 

of “3 evit 
a ‘i my piss wet Lav Prager Pony ia .f hind bev’ 
is eh .akiborw Vapet hm a } Pact ala ae ade. 17 worry 

aS 
+ ty 

we 4 at iD eTivon® ray ot waits tH Ne veel oat Wan hewnd . 
me ert ae Bs ety ge wrote. “il ie 


pparvbers vote ” 
i = 


1+ arr, Ae? / 
al | eaLi ea ine i Geo fe oO fw 


: : , + 
iad A) 


Pa ;* . a ' 44 MT | 
ytheedoas ait! tence Cele fu priit®: kane “Vptrie to 
~ — - 
fay] er {Perl oy ( rs Set 7 : La <7? Ge) leKtetae ne 1S 
Saaie - ae 1) b Vani i toe 
un ae 4 att ; he ke { os 4” 4, af ay " S _ : “vtly i 
=} a - 
eit adit is Ae wre bee eit’ gb lee eine PST ae ee 
i 
fis i} guna 2 Mia “TR 2 or oe ere avn TRA al 
ein ced, Sn ett » gle ip yp hywadoued be vont 
‘ ‘ 92 Vy ih Le 2 ‘ 
! ws iit 7 ' ae | ’ 
! ”q { l ' ‘ Py ; , 
rer oil { j ; ° ae e bed i = i ve! 
" A ‘ i rv , 1 at Th rr? 
= f ey 7 ¥ -" " ‘ i} 
he a a i, oS vp { 7 ty | a ‘ b ' Pd 
n ait oa onl (Sei " pee Vit, Gate 
+I- ; ing ; 7 = 7 
—UWe au @)\ D> wy. { Me tne ciel r peace rym 7) ole 4 
; ; : $ 
ws wiley &eat \ et; by wit Bn) NUNC TH) Fa Ae 
al. huteieed. aretl agent Aol, yd sequen wily - oon! tales ve 
a = - 


re Tekh sie psier sett Te wt Pihewitilehas Bay sntoeyARee: eet 
— as a 
‘ saad tare erie, * a Senrreatvatin : 


an a 
ae 


= sachsen ra ee ei(hived « 4 
7 es nla i 
one _ 


a 


— 


DL BY, 


3. Intracellular Organelles and Contraction: 

Bozler (1954) noted that the contractile activity of the 
glycerol extracted muscles depended upon the presence of Ca. which 
in relaxed fibers and the presence of ATP, caused contraction, 
while the addition of EDTA caused relaxation. Similarly, in the 
presence of ATP and Mg’, Ca** in smal! concentrations was observed 
to cause contraction, and in higher concentrations, relaxation. 

Bozler therefore suggested the action of a relaxing factor and of EDTA 
were explainable by the inactivation of oy by these substances. 
Later, Eabshi (1961) showed ean to be necessary for ATPase activity 
and the superprecipitating actomyosin, while the cas binding 
activities of various chelating agents directly correlated with their 
contracture relaxing ability. Weber and Winicur (1961la, 1961b) 
further showed this contractile activity to be demonstrable in an 
actomyosin system upon the addition of oat at a concentration 
greater than 10 > M, when ATP, Mg’ and one of the several relaxing 
factors (EDTA) was present. Likewise, they (1961b) found that when 
the Mg’ ” concentration was greater than 0.01 mM, the absence of Cae 
inhibited superprecipitation of actomyosin. Furthermore, they des- 
cribed two possibilities of oe Ee rhon. 

(1) Can could combine with actomyosin, initiating 

contractions OF, 

(2) ou could interfere with a reaction between a 


relaxing factor and actomyosin. 


++ 
To clarify this, Weber and Herz (1963a,b) showed Ca to be exchange- 
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ably bound to actomyosin and myofibrils, the consequence of this 
binding being activation of ATPase activity and superprecipitation. 
[lt was further noted that upon lowering the Mg’ concentration, the 
binding of Ca op to myofibrils in the presence of EGTA was greater 
than that bound at higher Mg’ * concentration in the absence of EGTA, 
with superprecipitation accompanying increased Cae binding. These’ 
experiments suggested the existence of two or more Ca" Dina Rng sites, 
i.e. In the presence of Mg’ or Mg-ATP, only one of these sites was 
saturated with caus with only half as much Gani being bound as when 
Mg” Was absent. If the concentration of Mg’? was lowered, however, 
additional Gari could be bound to a second site. 

Ebashi (1963) demonstrated that although extracted acto- 
myosin possessed increased ATPase activity, superprecipitation with 
ATP, and increased eat concentration, the reconstituted actomyosin 
did not. A protein substance similar to tropomyosin was found to 
be necessary for the restoration of actomyosin sensitivity to oaun, 
therefore indicating that a tropomyosin-like protein called troponin 
might be the site of Ca’* combination on the contractile proteins. 
Weber et al. (1963a, b) further suggested that the ATPase activity of 
actomyosin in the presence of Mg’ * was a resultant of the anzymatic 
action of actin increasing the relatively low rate of ATP hydrolysis by 
myosin. Hence, the relaxing agents could prevent actin from activating 
myosin ATPase activity. Furthermore, the presence of ATP in concentrations 
greater than 10 > M was found to inhibit ATP hydrolysis, plus con- 
traction. However, in the presence of ey actomyosin and myofibrils 


were observed to exhibit contractile activity by means of the formation 


- . Al es i 7 


: 


get fo eureule wile: tay: eis jae gt ; 

7 J 7 . 7a : 7 | 
; Ta . a ry : RS pt em ee ra al a “pare He - 
pelted hetosra que: anager NSE: nae “aa 
am 1 eit wetor an 2ew 


; : = a eee 
t anit as + * ne af 7.4) mad nh ‘3 ~ be 7 : 
3efhn 0 <4 Vee io aniGerig & He my el iawn at. saa to hi: 
‘ . Lin 7 he . 7” f 7 
=e $ 1 or 
ite ‘ pit in hiaed ent i 
JATM No 1 ody all’ (1 BOTH z ‘ 
nt pt 18 TY ei ieee 
S ae i 4a A : a 
, Wr , i wayyy \ > | 4 ? ' i wh vega 
7 ( 13 J 1 V4 ens ant 
ar Agua an 7 1 A Ws _ > #tle = bt at aie 
_ : Y 
* fu Ms d | - 
r'\-s& G 
| oben * 20 Jenehh Tied 
Mextey ated) erased tae) euit UN 
ae : fl é ane rhiee i 
' —- _ 
Tilye Wal’ Tete +! Borel FOR 
7 “ee: RANT Deer PO! rigiowm A 1 tert 210 
{ ; : 
1 ji if t hea i? ' 7) " one ac 
i a if (417 BY har Ba 7 | a mate ot 
4 _ 
) f al" (Ga) parva bth ee Fey anh uel 
ur | , | ri ' 4 ivr bi | fe! wa?) ay 
fo i ’ j ‘3 H ? ti wet oi r) rata ) 
ya = owl if” tea ;'% { ite Pe! COT) i qet 44 ? J ft 
a / 7 =! iy ‘ eh nhs ‘ be: 2 fy# oti mo 
rae '¢se 2 1h Wie iD 1" Bem By fC ua f + 
pits F i a 
: 
anol tote. yoyl S40 Ve go iG T hind rt re cyt  oitee ae . 
- wi 


an erent ni ta An or EL i sal, i 


: ‘ >) 7 - rs 
aan ‘Saree nial E ,% ar ed uy Mie’ a hes 


_ nes) ah tes r fyaoetiy He Ghee eon er 


on 


aA be 


of a Gare complex. Ebashi and Endo (1968) have suggested that the 
formation of a complex containing ca tropomyosin and troponin 

isyinvolved, and this complex inhibits the interaction of actin and 
myosin in the presence of Mg, ATP and in the absence of cane The 


ae ++ 
addition of Ca then produces ATPase activity and superprecipitation. 


4. Intracellular Bound Ca’’: 

From ihe preceding discussion, the contractile activity of 
muscle appeared to be controlled by the intracellular Ca’ " concen- 
tration, in turn influenced by Ca’* fluxes... From the work of Harris 
(1957), Gilbert and Fenn (1957) and Bianchi and Shanes (1959), the 
basis for compartmentalizing intracellular bound stores of Can" 
represented a site of flux regulation. Early support of this came 
from Marsh (1952) who A enenet reer the supernatant fraction of 
muscle homogenates caused a ten-fold increase in the ATPase activity 
and contraction of myofibrils, from which he assumed this fraction 
to contain a relaxing factor. Later, Bendal! (1958) found this 
relaxing factor to be related to the presence of 'granules', which 
subsequently were demonstrated by Ebashi and Lipmann (1962), and 
Muscatello et al. (1962) to be vesicles of the endoplasmic reticulum 
or the sarcotubular system and to exhibit ATP and ATPase dependent 
Cave accumulation. This was further supported by the findings of 


Hasselbach and MacKinose (1961, 1962) that these relaxing granules 
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of the "endoplasmic reticulum" had a preferential uptake, from a 
solution containing Comes Mg’, oxalate and ATP, of large quantities 
of Caan} present in the granules as oxalate. The relationship between 
Caan concentration, the activity of the Cala pump, ATPase splitting, 
and a phosphate exchange was found to be directly correlated. 
EUrThermoce, Weberveteal.!(1963a5qbd noted that during a “contractile” 
response, fragments of the sarcoplasmic reticulum were capable of 
removing most of the exchangeable ca"? bound to actomyosin or myo- 
fibrils, and consequentally, directly related to the inhibition of 
contractile activity. (Later, Weber et al. (1966) further suggested 
That cee binding within the sarcoplasmic reticulum was in equili- 
brium with the intracellular Cad concentration. This was followed 
by Hasselbach and Seraydarian's (1966) demonstration that, of three 
types of sulfhydryl groups, one, Type A, located on the external 
surface of the sarccplasmic reticulum membrane, was involved in 
ue transport and ATPase splitting. This was confirmed by Costantin 
et al. (1965), who demonstrated the accumulation of externally applied 
Ca’? in the terminal sacs of the sarcoplasmic reticulum. Furthermore, 
it was proposed that the proximity of these lateral sacs to the I- 
tubules implicated them in a role of Ca** release as required for 
contraction initiation. 

By means of autoradiographic techniques, Winegrad (1965) 
elaborated on the intracellular movements of calcium. he found 
that, although in resting muscle Cat was localized to the lateral 
sacs, duiniing KT induced contractures, it migrated into the region of 


actin-myosin overlap in amounts increasing as a function of the con- 
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centrarion of KY and tension produced. Using the same techniques, 
Winegrad (1968, 1970) recently studied the movement of Ca't® during 
a maintained tetanus, during the declining phase of tetanus, and 
during the period immediately following. From this he showed that 
There were three sites at which the isotope was concentrated: 

(1) the terminal cisternae; 

(2) the intermediate cisternae and longitudinal tubules; 

(3) the "A" band portion of the myofibrils. 
Moreover, during a tetanus, he observed that the majority of the myo- 
fibrillar Ca*® was localized within the thin filament region of the 
sarcomere, the amount varying with the tension developed. As a 
consequence of this work, Winegrad suggested that Ca'* was released 
from the terminal cisternae by electrical stimulation and rebound by 
the longitudinal tubules and intermediate cisternae, resulting in 


muscle relaxation. 


5. Caffeine and Ca'* Movements: 

While trying to define the action of caffeine and its effects 
on calcium fluxes in normal frog muscle, Bianchi (1961) noted that 5 mM 
caffeine increased both the resting influx and efflux by three-fold, 
independent of the external Ga" concentration. He also observed that 
in the presence of caffeine and independent of the external calcium 
concentration, the calcium uptake to be increased in Kr depolarized 
muscle, but not the rapid transient high Ca"* influx at the beginning 
Ord Ke induced contracture. Furthermore, since caffeine contractures 


could be elicited in the absence of calcium, Bianchi concluded that 
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the increased calcium influx was not the basis of a caffeine contracture. 
Further work by Caldwell and Walster (1963), using the external appli- 
cation of 5 mM caffeine to crab muscle fibers to produce a sustained 
contracture, demonstrated no initially significant reduction in the 
membrane potential, and that contractures could be obtained both when 
The fibers were depolarized with KT and during the repolarization 
phase se inlsO,..1he injection. of Cae and caffeine each, was shown to 
cause a contracture in normal polarized and Ke depolarized fibers. 
Moreover, Axelsson and Thesleff (1958) noted that the effect of caff- 
eine on contractures was independent of the external calcium concen- 
tration, leaving the resting membrane potential and transverse mem- 
brane resistance unaltered. Thus, it was suggested that caffeine 
acted at a site subsequent to membrane depolarization, i.e. membrane 
depolarization was not a prerequisite for caffein's contractile 
activity. 

The above observations could be integrated into a plausible 
explanation if it was assumed that caffeine reduced the binding of raul 
on the surface membrane and/or sarcoplasmic reticulum, thus increasing 
the intracellular free ionic cae in turn increasing the om et flux. 
Supporting this, Bianchi (1962), and Isaacson and Sandow (1967) have 
shown caffeine to enter and freely move through frog and rat muscles, 
thus being capable of action at internal sites such as the sarco- 
plasmic reticulum. Moreover, Naylor (1963) showed that caffeine 
induced a positive inotrophic response in the toad ventricle, causing 
increased Ca’* fluxes and abolution of the 'staircase' phenomenon. 


ar aaa 
The latter could be explained in terms of increased Ca permeability 
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of the membrane and sarcoplasmic reticulum, and therefore a functional 
refractoriness to the signal normally leading to graded increments of 
oan release. Similar actions of caffeine were proposed by Mambrinian 
and Benoit (1963) and Delga and Foulhoux (1963) to explain the de- 
curarizing action of caffeine at the neuromuscular junction, i.e. that 
caffeine increased the mobilization of Cale in turn releasing more 
acetylcholine. As well, Nagai and Uchida (1960) had previously 
demonstrated caffeine-contracted fibers to relax with crude muscle 
extracts containing relaxing factor. Herz and Weber (1965) later 
clarified the above observations by finding caffeine in concen- 
1rarlons Ome to; lOumM’ tosinhiibit Gals uptake by frog sarcoplasmic 
reticulum, and to release 20 to 40% of the bound Caulk from the sarco- 
plasmic reticulum after the maximum Cais uptake had been reached. 

This meant that caffeine either caused an inhibition of the ability 

of the sarcoplasmic reticulum to accumulate Cae Onedecreased ane 

Cis cheney Ohmaine Gal" pump. 

Caffeine has also been shown to potentiate the twitch in 
concentrations of 0.05 mM to 4 mM and to produce contractures in 
concentrations of 2 to 5 mM in frog muscle fibers (Axelsson & 
Thesleff, 1958; Frank, 1962; Sandow & Brust, 1966). Furthermore, 
Sandow (1965) has shown that caffeine produces changes in the action 
potential similar to the lyotrophic anions, i.e. a reduction in the 
mechanical threshold, and the divalent metallic cations, I.e. a 
prolongation of the action potential. Although the action of both 
caffeine and divalent cations result in increased Ca’* release during 


activation, the ions have been believed to act on the surface membrane 
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in mediating changes in the action potential, while caffeine has been 
thought to act at an intracellular site. From the recent literature, 
Sais, although not physiologically present, has been shown to be sim- 
rar to Car in’supperting excihrarlon-contracrion coupling. ror 
example, Edwards et al. (1966) demonstrated Kr induced contractures 
in frog muscle to be supported by it and caffeine contractures to 
be partially restored by the presence of sree ina Ca free medium. 
These findings were also correlated with an increased srt uptake 
during activity. In addition, Naylor (1965) reported that Sr’* was 
me-omy ion’ capable*of substitution for Ca’* in cardiac muscle. 
‘Despite these observations in frog muscle, Gutmann and 
Sandow (1965) reported that normal mammalian skeletal muscle failed 
46 "produce contractures reven in=20 mM caftei née ‘concentrations. for 
this to occur, denervation appeared to be a prerequisite. Recently, 
however, Buss and Frank (1967) and Frank and Buss (1967) reported 


that normal mammalian skeletal muscle was indeed sensitive to caffeine. 


6. Model for Excitation-Contraction Coupling: 


From the description given so far, a summary of tne role 
of Ca’ in excitation-contraction coupling can be presented with a 
Mitimuneo, Mmistologicaladetall. when aymuscle 1s -elecinically srimu- 
lated, the fiber surface membrane becomes highly permeable to Na* ions 
with a resultant depolarization, which is transmitted through the T- 
tubules (invaginations of the surface membrane). This depolarization 
could permit either the displacement of Ca" across the cell membrane, 


or the release of bound or from the terminal cisternae of the sarco- 
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plasmic reticulum. The second is more important in fast muscles. 

This released ionic calcium could sufficiently raise the free ionic 

calcium concentration in the sarcoplasm to activate the @ctomyosin-ATPase 

and initiate contraction. An alternate possibility is the transmission 

of the signal propagated along the surface membrane and T-tubules 

across the junction of the T-tubules and adjacent terminal cisternae 

with a resultant increased permeability of the terminal cisternae 

and release of Gal & one mode of transmission plausibly being an 

electrotonic pulse. AS a consequence, the released cos could then 

diffuse from the terminal cisternae under a large concentration 

gradient to activate the myofibrils. Regardless of the mechanism, 

however, the role of Ca’* is primary for contraction. Hence, 

relaxation most probably is governed by the removal of Ca* from the 

contractile proteins by the ca pump of the sarcoplasmic reticulum. 
From the above model, it is evident that many details of 

the processes involved in the excitation-contraction coupling cannot 

be explained at the present time. For example, the exact mechanism 

by which intracellularly bound Ca” is released, or by which it is 

sequestered by the sarcoplasmic reticulum from the contractile pro- 


teins remain unknown. 
IV. DISRUPTION OF T-TUBULES 


In the last few years, a technique has been developed to 


selectively disrupt T-tubules. The initial observations were made by 
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Fujino et al. (1961) and Yamaguchi et al. (1962), who noted that a 
hypertonic solution of glycerol or urea had a different effect on 
muscle compared to a hypertonic solution of sucrose or NaCl. This 
effect was the disappearance of mechanical activity with the pre- 
servation of normal electrical activity, i.e. the action potential, 
in preparations exposed for 1 hour to 400 mM glycerol and returned 
to normal isotonic SOT ORE. By eT Oni ercecowe Howell and 
Jenden (1967) and Eisenberg and Eisenberg (1968) demonstrated the 
only damage to these preparations was disruption of the T-tubules, 
the mechanism of which remains clouded. Recently, Howell (1969) 
Suggested that the removal of glycerol, after it penetrated the muscle 
fibers during their exposure to the hypertonic solution, caused 
disruption of T-tubules by an osmotic phenomenon. For this he offered 
two possible mechanisms: 

(1) that during exposure, glycerol penetrates the fiber, 
only to elute in exchange for an influx of water when 
the isotonic solution is restored, the sites of 
exchange being between the sarcoplasm and the extra- 
cellular space, and the I-system and the extra- 

Colin lansspacewe lt cliher tnewgiycerol ertuxgor 
water influx occurs faster at the former than The 
latter site, an osmotic gradient could develop across 
the T-system membranes causing swelling or disruption 
of the T-tubules. 

(2) that in a hypertonic glycerol solution, the fibers 


shrink, while upon return to an isotonic solution 
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they swell, the volume changes being due to the 
efflux and influx of water at rates faster than 
Those of glycerol. Thus, a faster influx of water 
into the sarcoplasm than efflux of glycerol from 
the T-tTubules could establish an osmotic concen- 
tration gradient across the T-system membranes, 


causing them to disrupt. 
V. MECHANICAL PROPERTIES OF DENERVATED MUSCLE 


Recently, Padsha (1968) and Padsha and Winchester (1968) 
studied some mechanical properties of denervated muscle, observing 
that the mechanical responses of normal and denervated muscle differed 
from each other, the degree depending upon the environmental temper- 
ature. For example, they found denervated muscle developed a maximum 
twitch tension at 35°C, the tension dropping progressively to very 
low values at 10°C, whereas normal muscle developed maximum twitch 
tension at 17°C, the tension decreasing above and below this temp- 
erature. They also observed that denervated muscle developed less 
tetanic tension than normal muscle at all temperatures, although the 
twitch tension ratio at 35°C was greater in denervated muscles. 
Moreover, the maximum oats of rise of tension in twitch was always 
greater in normal muscle for all the temperatures, while the duration 
of the active state was longer in denervated muscles above 20°C. 

Little is known about the relation between changes in the 


jonic fluxes, changes in the electrical and mechanical properties of 
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denervated muscle. Since changes in the excitation-contraction 
coupling may produce changes in the mechanical properties of the 
muscles, and since Ca’ is believed to be one of the most important 
ions responsible in linking excitation of the membrane to the con- 
traction, it was suspected that changes in Cane fluxes could be 
involved in many of the observed mechanical property changes in 
denervated muscle. Hence, the purpose in undertaking this project 
was to study in normal and denervated muscle, passive ade fluxes, 
plusssomeselectrical properties: ingan attempt to’ correlate) changes 
in these with changes in the mechanical properties of denervated 


muscle. 
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BY 
MATERIALS AND METHODS 


Denervation: 

Adult white albino female rats of Wister strain, weighing 
200 to 350 g, were used throughout the experiments reported here. 
For denervation purposes, the rats, under ether anesthesia, were 
injected intraperitoneally with sodium pentobarbital, 25 mg/kg of 
body weight. The left hemidiaphragms were then denervated by first 
lifting the digastric muscle, making a small incision through the 
sternohyoid muscle to expose the region where the phrenic nerve crosses 
the brachial plexus, and about 1 to 2 cm of the nerve was excised. The 
incision was closed with surgical clamps. The reason for denervating 
the left hemidiaphragm was because of the easier access in exposing 
the left phrenic nerve as it crosses the brachial plexus. For the 
purpose of sterilization, the surgical! instruments were boiled for 
15 minutes prior to denervation. In a few animals, sham-denervation 
Wasudone by exposing, buly moda houchiing, the Wefih phrenic. nerve... lnese 


animals were kept on a normal diet. 


Solutions: 

The normal ee Krebs solution used was a slightly 
modified Krebs-Henseleit solution and unless otherwise stated, had 
the following composition: NaCl, 118 mM; KCI, 4.8 mM; CaClo, 1 mm, 
MgSO,, 1.2 mM; KHoPO,, 0.8 mM; NaHCO3, 25 mM; glucose, 5.55 mM; pH, /.3. 
All the chemicals were obtained from Fisher Scientific Company and were 


of analytical grade. In order to avoid spontaneous twitching, Procaine 
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(0.25 mM) was added to the Krebs solution. This use of Procaine 
corresponded to that of Feinstein (1963) for frog sartorius muscles, 
who showed that relatively low concentrations of Procaine (i.e. up to 
0.367 mM) did not block the release of Cat? produced by 2.5 mM 
caffeine, and That of Isaacson and Sandow (1967), who found that 0.25 
mM Procaine did not interfere with the effect of 20 mM caffeine on rat 
EDL muscles. Although Procaine has been shown to cause a profound 
inhibition of active calcium transport by isolated sarcotubular 
muscles when used in 15 to 20 mM concentrations (Wilcox & Fuchs, 1969), 
no effect, when used in 2 to 5 mM concentrations, was observed by 
Carvalho (1968) on either the release or inhibition of calcium from 
isolated fragmented sarcoplasmic reticulum at rabbit skeletal muscle. 
Similarly, Kuperman et al. (1968) showed that 7 to 10 ml Procaine was 
required to produce a measureable and consistant release of Cat® from 
frog sartorius muscle and desheathed sciatic nerve. As a further 
check, Tubocurarine chloride (10 mg/Il) was used in some exzeriments, 
there being found no difference in the calcium uptake or release for 
either Procaine (0.25 mM) or Tubocurarine (10 ml/1). Thus, although 


Procaine could cause a block or release of calcium, the concentrations 


38. 


required would be much greater than 0.25 mM, which was used in The Krebs 


solution. Hence, the concentration 0.25 mM Procaine was chosen as 
Isaacson and Sandow (1967) have successfully used it for mammalian 


muscles. 


issection: 


When desired, the animals, under ether anesthesia, were 
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sacrificed by opening the thorax. The whole diaphragms were then 
excised and transferred immediately to the normal mammalian Krebs 
solution. 

In those experiments where cut strips were used, 6 to 10 
mm wide, slightly triangular strips, four from each hemidiaphragm, 
were cut lengthwise from tendon to ribs, with a piece of attached 
rib at the base, and transferred to a bulk (600 ml) of Krebs solu- 
tion through which a mixture of 95% O»5 and 5% CO» was bubbled. In 
the experiments employing hemidiaphragms, after removal, each was 
first separated, washed in Krebs solution, and then allowed to 
equilibrate in a bulk of Krebs solution at room temperature for a 
minimum of 1 hour. Fifteen minutes prior to any experimentation, 
These were then transferred to 100 ml Krebs solution at the desired 


Temperature. 


Ei buxeexperimenis: 

Pom boih the etfiux and influx studies of calcium the 
standard techniques of Shanes and Bianchi (1959) were used, which 
are described here. 


The efflux experiments were done in two series. In one, 


muscle strips were used with a small piece of rib attached, as it was 


extremely difficult to excise this without damaging the muscle 
fibers, which terminate via a short tendon in close conjunction to 
the ribs. The strips were fixed vertically in either: 

(1) a specially constructed chamber with a temperature- 


controlled water jacket; or, 
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(2) a test tube placed directly in a water bath. 

In both, the lower ends of the muscles were fixed to a siliconized 
glass rod while the upper end was attached by a stainless steel wire 
to a force transducer. The resting tension of the muscle was kept 1g. 
The muscles were loaded for 2 hours in 5 ml Krebs solution containing 
1 yc/ml Cat>, obtained from New England Nuclear Corporation, Boston, 
U.S.A. After loading, those muscles mounted in the chambers were 
washed quickly 3 times to remove surface adsorbed Ca and then 
washed in non-radioactive Krebs solution for 3 hours. The effluents 
were collected every 10 minutes and replaced by fresh solution. When 
test tubes were used, after loading, the muscles were rinsed for 5 
seconds in non-radioactive Krebs solution and then transferred to 
test tubes containing 5 ml of non-radioactive Krebs solution every 

10 minutes. At the end of 3 hours washing, the muscles were 

removed from the chambers or test tubes, lightly blotted 3 times, 

and their wet weights determined. 

Because of the possibility of Cat® contamination from the 
attached rib, in the second series of experiments, the muscle strips 
were cut as above, four per hemidiaphragm, and loaded for 2 hours in 
60 ml Krebs solution containing 1 uc/ml Cat. These were washed for 
different lengths of time in a 100 ml Krebs solution which was changed 
every 10 minutes, the effluents being discarded. Instead, at the end 
of each period, a small piece of muscle was excised from the center of 
the strips and weighed. Usually sixteen strips from four different 
hemidiaphragms, either normal or denervated, were used to construct 


one single efflux curve. Thus, by this technique, what was being 
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measured was the Ca remaining in the muscle itself at the end of 
each washing time, not that coming out during this period. 

In using cut strips, there was also a possibility that 
some of the calcium may not elute through the sarcolemma but through 
the cut edges of the strips. In order to avoid this, whole hemi- 
diaphragms were loaded for 2 hours in 100 ml Krebs containing 1 pc/ml 
Ca't®, then washed for different time periods in 100 ml Krebs sol- 
ution which was changed every 5 minutes during the first 30 minutes 
and then every 10 minutes thereafter. At the end of each washing 
period, a small piece from the center of each hemidiaphragm was 
excised, blotted lightly 3 times and weighed. Cat® remaining in 
this central piece was then measured by liquid scintillation counting. 
The results were presented as Ca space (ml/g) which was obtained 
by dividing the radioactivity remaining in 1 g peel by the 
SPCCiinl Ceacit Vid YO Palme Otel Cadi ngasoluplonwe heyreason gro 
presenting them in terms of Ca space was to enable them to be ex- 
pressed independently of the external calcium concentration. The time 
constants were derived from a regression line, drawn by least square 


method using |.B.M. computer. 


[iiliuxExpenimenis : 


For calcium influx studies, both the cut strips and whole 
diaphragms were used. For influx rate measurements, these muscles 
were loaded in 60 ml Ca*® Krebs solution for 5, 10 and 15 minutes, 
and then washed for 1 hour to remove the extracellular Cat®, Radio- 


activity remaining in the central piece of the muscles was then 
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measured and converted into Ca space as described previously. Since 
the molarity of calcium In our solutions was 1 mM/liter, the actual 
amount of calcium/ml is 1 umole. It also means that whenever the Ca 
space is 1 ml/g, the actual amount of calcium is 1 wmole/g. Thus, 
for the calculations of rates of influx, the Ca space in ml/g was 
divided by loading time in seconds. 

For Ca space measurements, the muscles were loaded at varying 
time periods up to 480 minutes. If the total (intracellular plus 
extracellular) Ca space was to be measured, the muscles immediately 
after loading were stirred vigourously for a few seconds in two 
changes of 50 ml of 400 mM sucrose solution to remove the surface 
adsorbed Ca't®, blotted lightly 3 times on filter paper, and weighed. 
When the intracellular Ca space was to be measured, the muscles 
after loading were washed either for 60 or 90 minutes in 100 ml 
Krebs solution to remove the extracellular Ca*5 and then proceeded 


as usual. 


In Vtvo Experiments: 


In another experimental series for studying the efflux and 
influx of calcium, the loading of the muscles was done tn vtvo. The 
animals were kept under nembutal anesthesia (6 mg/kg) and the left 
external jugular vein was exposed, and 1 ml of normal saline containing 
10 uc/ml Cat®, was injected. After 15 minutes of injection, the 
diaphragms were excised, rinsed in two changes of 100 ml of 400 mM 
sucrose solution, blotted and weighed. For intracellular calcium 


uptake or for efflux studies, the diaphragms were washed jn 100 ml 
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of non-radioactive Krebs solution for a desired time, the bathing 
medium being changed every 10 minutes, and the Cat® remaining in 


the muscles after this time was measured. 


Extracellular Space: 


For the measurement of the extracellular space, |!nulin-C!4 
was used. Whole diaphragms were loaded for various time periods from 
Aor rzOrm Hupes. in CO ml Kreps=solunion, containing. 25. 16/m\ 
Inulin-c!4, at the end of which, the muscles were quickly rinsed in 
two changes of 50 ml of 400 mM sucrose solution, blotted and weighed. 
The radioactivity remaining in the central piece of the diaphragms 
was then measured and Inulin-C!*+ space was calculated as described 
previously for the Ca!* space determination. Since the Inulin-C!4 
intracellular space saturation curves reached a plateau between 60 and 
90 minutes, the muscles were loaded for 2 hours as a precaution. Hence, 
the results were presented as Inulin-C!* extracellular space (ml/g) 


of muscles at the end of 2 hours loading. 


Digestion and Counting Fluor: 


At the end of each experiment, the muscles were transferred 
to the standard 20 ml liquid scintillation counting vials and digested 
directly in NCS. NCS, a product of Nuclear Chicago Corporation, 
l!linois, U.S.A., is a 0.6 N toluene-soluble quaternary ammonium 
base. Hansen (1967) has shown its superiority as a solubilizer for 
biological materials. One ml of NCS was used for digesting 20 mg 


or less of muscle, complete digestion occurring within 2 hours at 
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60°C with continuous shaking. At the end of digestion, to each eal 
14 ml of counting fluor was added as well as 0.25 ml 30% hydrogen 
peroxide as a bleaching agent to remove any extraneous color which 
might alter «he,counting etftictency... Similamly, to the effluents 
from each efflux experiment, 14 ml of the counting fluor was added. 
Although numerous methods were available for the preparation 
of liquid scintillation counting fluors (Hansen & Bush, 1966; 1967; 
Radkin, 1967; Radim, 1964), the choice was made of that given by Bruno 
and Christian (1961) because it can take more than 30% water. This 
counting fluor (also known as XDC fluor) was prepared according to 


the following formula. 


PPO (2, 5-Diphenyloxazole) = 10.0 gms 
POPOP (1, 4-Bis-[2-(5-phenyloxazolyi )]-benzene) a OS elie 
Naphthalene = 80.0 gms 
Xylene = 143.0 ml 
1, 4-Dioxane = 428.0 ml 
Ethylene Glycol monobuty! Ether (Buty! cellosolve) = 428.0 ml 


PPO and POPOP were that of scintillation grade and were 
obtained from Fraser Medical Supplies, Ltd., Vancouver, B.C. The 
rest of the chemicals were Fishers! certified reagents. This fluor 
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Counting of Radioactivity: 


The estimation of both the radioactive Ca'tS and c!* was 
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done by counting the samples on Picker Nuclear Scintillator Model 
Liquimate 220. The samples from each experiment were counted for 

10 minutes, corrected for background and quenching (according to the 
procedure given in manufacturer's manual) and the data was then 


usedsfor further calculations. 


Recording of Twitch Tension: 


For the recordings of isometric twitch tensions, the 
muscles were placed horizontally in the upper part of a muscle 
chamber, the lower part through which water circulated from a water 
bath (LO-Temptrol, Model 154 - Precision Scientific Company). The 
bath's temperature was controlled by a Tele-thermometer, Model 73 
(Yellow Springs Instrument Company, Inc., U.S.A.). By stainless 
steel hooks, one end of the muscle was attached to a fixed stainless 
steel rod which also was used as a stimulating electrode. The other 
end of the muscle was attached to a Statham G1-4-250 force transducer 
whose output was amplified by a Sanborn transducer amplifier - 
Indicator, Model 311A. A platinum electrode was placed on the 
muscle, 1. to 2 cm away from the fixed stimulus electrode. Both 
the electrodes were connected to a Grass Stimulator, Model S4, 
through a stimulus isolation unit, also from the same company. 

All the recordings were made on Tektronix Type 549 storage oscillo- 
scope and photographed by a Kymograph Camera, Model C4J. The 
muscles were always kept immersed in the running oxygenated Krebs 
solution. For this purpose, oxygenated Krebs solution was drawn 


from a reservoir through a coil of stainless steel tubing passing 
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through the water-filled lower part of the muscle chamber. Thus, 
when it emptied into the upper part of the chamber, it had equili- 
brated to the desired temperature. The excess of the fluid was 
removed by suction into a collecting jar at the other end of the 
chamber. 

The muscles were always stimulated supramaximal ly. 
Usual.ly a 10 msec pulse was used for this purpose. Before each 
experiment, the resting length of the muscle was determined by 
stimulating the muscle at zero resting tension and then gradually 
increasing the length while recording the corresponding twitch. 
This was continued until a maximum twitch tension was obtained, 
the corresponding length being taken as the resting length of the 


muscle, and was used for further calculations. 


Recording of Action Potentials: 

For recording the action potentials intracellularly, glass 
microelectrodes, pulled from 0.9 to 1.1 mm Kimex tubing with a 
microelectrode puller, Model M1 (Industrial Science Associates, Inc., 
New York) and filled with 3M KCI, were used. Microelectrodes only 
* with 5 to 30 megaohm resistance and low tip potentials (< 25 mV) were 
used. The microelectrodes were connected, by means of a platinum wire 
loosely hung floating from a Leitz micromanipulator to a Medister 
microelectrode probe and amplifier, Model A-35. When the microelectrode 
was dipped in the Krebs solution, usually a tip potential was observed. 
lf this*tip potential was 2a mV or less, if was adjusted To’ zero; ihe 


potential change that occurred when the microelectrodes entered the 


Hh ye es) aa Mb y nya pie a os 
2 a) ‘5 
om t4 oat ef toatl hae 
ne 


ee 


me 


. : ; 

i - 
7 

el (aertonetgae, bets lin i<2 ever Ve wae! ei ant 


q - ‘ 


- 
(an... grades eth) ae) (i ORy xe hoe pean Of a he nual 


Aah = Vu ee Phe 
: 1s! 
ye ben leat) 28h) Bede! rT hc PREY it, geal een. wi t <tnginl 
; i>. _ a 
oi haere aver? Sia th eat gli tices (Ses Pe, OI, Ort nee 
| , v7 vo 
feat bo nisEe= (Woe) 207. DATE : f4etw HN gay i gia rion 
ve a ‘o : 7 


. his ms ; i List dy epi (wi yen aot H hart ri trae 4 102 ae at ay 


3 Bb ti a | av 


Pyetor bh pe nein. Aes Pte 
y he twin oi ie ne Dy eee) Geel ban 
cont! ware Dos niles eer bei ate) Ae Mat SOT ig it 
: art 
vin hohe sig tetrciM> aloes samy , o> 4 iw welid(e AR 
i 
. 4 i - 
rye! (Vin ey. os). ¢ Mohifie brig (ey), & YMA Solin bhe | eed Meta; hak it 
i] i a - 


site mrt rig o 4h lad eT ere ope. paste BE ees FCT 
wet X eh a iatngaeae EN ie! 

yep om — a oben 
: > 


an oe | | 
tl reais ite 7 ei be Nite in 4 mie 


Aye 


fiber was then recorded, providing it remained stationary for at least 
30 seconds. The problem of mechanical and electrical disturbances 
during the action potential recording were overcome by stimulating 
the muscle with a very small current of short duration (0.1 msec) and 


floating microelectrodes. 
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48, 
RESUETS 
NS Ca*S EFFLUX FROM NORMAL AND DENERVATED RAT DIAPHRAGM 


The purpose of this set of experiments was to determine the 
efflux half times of Cat® from the slow and fast compartments of 
muscles and to determine if there was a difference between the normal 


and denervated muscles. 


ome Ome Viele DS. 


In the experiments studying the Cat® efflux from rat dia- 
phragm strips, the technique of Shanes and Bianchi was used. The 
cut strips from both the normal and 16 to 46 days denervated muscle 
to which was attached a small piece of bone and some connective 
Tissue, were. placedsin-—sepakare ichembers confaining  yml ef skrebs 
solution to which 1 uc/ml of radioactive Ca*5 was added. The muscles 
were loaded for 2 hours and washed in non-radioactive Krebs solution 
for 3 hours, the solution being changed every 10 minutes. At The 
end of 3 hours washing, the muscles were dissected free of bone and 
tissue, blotted lightly three times on tissue paper and their wet 
weight determined. The radioactivity remaining in the muscles was 
then measured as described in the methods. For the construction of 
efflux curves, the counts remaining in the muscles were added to The 
effluent counts to get the total CatS at zero washing time, which 
was the total Cat® uptake at the end of 2 hours loading. Taking 


this value as 100%, the percentage of activity remaining in the 
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muscle was calculated and plotted against washing time on a semilog paper. 
Figure 1 shows efflux curves for Cat® at 35°C. The data to construct this 
figure was obtained by averaging the points from individual experiments. 
The curve constructed from individual experiments !ooked like one presented 
in Figure 1 with exceptions in the half times of Cat® efflux from the slow 
compartments (see text for Figure 2). These efflux curves showed at least 
2 components, an initial fast component, which most probably represented 
the extracellular compartment, and a slow component, which most probably 
was the intracellular compartment (see Discussion). 

Figure 1 showed that the average rate of efflux of Cat® from 
the slow compartment of denervated muscles was faster with a half time of 
6/7 minutes, as compared to the normal muscles, which had a half time of 113 
minutes. After denervation, the rate of Cat> efflux became almost double. 
The half times were calculated in a region of the curve between 90 and 180 
minutes of washing when most of the extracellular space was washed out. 
Although wide fluctuations were observed in the half times obtained from 
individual efflux curves of normal muscles, they usually ranged from 64 to 
177 minutes, except in two experiments where extreme values of 267 and 445 
minutes were obtained. These two experiments were not included in the con- 
struction of efflux curves or in taking the means of half time. Similarly, 
the half times obtained from individual efflux curves of denervated 
muscles ranged from 40 to 95 minutes. Figure 2 shows frequency histo- 


4S efflux curves of 


grams of half times obtained from individual Ca 
normal and denervated muscles. In normal muscles, the maximum number 
of values fell either at 97 or 107 minutes; however, since the distri- 
bution was larger on the right side, the mean shifted slightly to the 


right, giving a slightly higher value of 113 minutes. In denervated 


muscle, the maximum number of values fell either at 62 or 72 minutes, 
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Figure 1 Efflux curves for Cat5 obtained from normal and 16 to 45 days 
denervated rat diaphragm strips at 35°C. The muscles were 
loaded for 2 hours in 5 ml radioactive Krebs solution con- 
taining 1 uwc/ml Cat®, The curves were the means of 44 exp- 
eriments for normal muscle and 28 experiments for denervated 
muscle. 

(N) Normal R2 for (N) = 0.992 (D) Denervated R* for (D) = 0.988 
t/2 = half time in minutes. 


Ordinate = Ca space on log scale Abscissa = washing time (min) 
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Figure 2. 


FREQUENCY DISTRIBUTION OF HALF TIMES OF Co EFFLUX 
FROM NORMAL AND DENERVATED RAT DIAPHRAGM AT 35°C. 
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Frequency histograms constructed from half times obtained 
from Ca'*® efflux curves of both the normal and 16 to 46 


days denervated rat diaphragm strips at 35°C. 


Number of normal muscles = 44 


Number of denervated muscles = 28 
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the rest being distributed almost equally on either side, giving a mean 
at 67 minutes. Although the histograms showed an overlap of half times 
obtained from normal and denervated muscles, in no one experiment did 
normal muscle show a half time smaller than its contralateral dener- 
vated side. There was a significant difference in the mean half times 
between the normal and denervated muscles, 

The half times for the efflux of Cat® from the fast compart- 
ment were measured by plotting on a semilog paper the difference between 
the total and the intracellular calcium (extrapolated value) at different 
washing times (Fig. 1). The values obtained gave a straight line 
relationship with correlation coefficient R* 0.979 for normal’ and 
0.982 for denervated muscles. The half times for Ca*® efflux from 
the fast compartment calculated from the slopes of these lines were 
10 and 9 minutes for normal and denervated muscles, respectively. 

This difference in time courses of Ca*® efflux from the fast compart- 
ments of normal and denervated muscles was negligible. 

In the experiments described above, all the muscles used 
had attached a small piece of bone and some connective tissue. Thus 
there was a possibility of calcium contamination from them. There- 
fore, an attempt was made to remove at least all the connective 
tissue completely so that only a very small, thin piece of bone 
was left. 

Six such muscle strips were used, the results shown in 
Figure 3 and summarized in Table |. Again, there was a difference 
in the time course of Cat® efflux from the slow compartments of the 


normal and denervated muscles. The half times of CaS efflux from 
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normal muscles ranged from 120 to 191 minutes with an average of 
147 + 10 minutes, while those from the denervated muscles ranged 
from 104 to 134 minutes with an average of 115 + 4 minutes. There 
was a Significant difference between the half times for the normal 
and denervated muscles, 

When the slope of slow compartments in the efflux curve 
was extrapolated back to zero washing time, the zero time intercept 
gave the amount of calcium taken up by this compartment in 2 hours 
loading time. The amounts of intracellular calcium in umole/g in 
normal and denervated muscles is given in Table 1. The average 
amount of intracellular calcium in normal and denervated muscles 
was 2.7 + 0.2 ymole/g and 3.2 + 0,3 umole/g, respectively. There 
was no significant difference in the amounts of intracellular 
calcium between the normal and denervated muscles (P > 0.05), but 
the amount of calcium remaining in the denervated muscles after 4 
hours washing was less than that in the normal muscle (Table |). 
This difference was significant (P < 0.005). This was because 
most of the calcium was washed out at a faster rate in the dener- 
vated muscles. 

2. From Whole Diaphragms: 

Since in the previous sets of experiments cut strips were 

used, another possibility or error was leakage of Cat® from the cut 


edges. Thus, to avoid this possibility, whole diaphragms were used 
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in the following experiments. The diaphragms were loaded with radio- 


active Ca't® for 15 minutes and then washed for different time periods. 


At the end of each experiment, the radioactivity remaining in the 
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Ca*° EFFLUX FROM NORMAL AND 
DENERVATED MUSCLES AT 35°C 


e NORMAL 
© DENERVATED 


(N) 52147 min 


(0) 52115 min 


TOTAL CALCIUM IN MUSCLE ( uMoles/g ) 


a 
wl roe 1 efi a ewes 
0 


120 240 
TIME ( min) 


Efflux curves for Cat? obtained from normal and 27 to 38 
days denervated rat diaphragm strips at 35°C. The 

muscles were loaded for 2 hours in 5 ml radioactive 

Krebs solution containing 1 uc/ml Cat®, The curves were 
the means of six experiments, each, of normal and dener- 
vated muscles. Here the amount of Ca in pmole/g remaining 
in the muscles was plotted against washing time. 


ChNorma le (D)s Denervated mh/28= half aimemin minuses 


54. 


Vind i ui 
7 a 


BOs dint 


; ‘ 
Aira ‘ 
a 


) f 
TG ee +1 <$ ee — 
J Ff F, gua 
| ef : 
am 
if- Wy ~~ 4 4 
a : Ki) yh 
a H) . 
~ ; | hk in 
‘ Pa | il _ 
a f | 3 : 
Pd Deny 
fa | | 8 I 
Ms Z ie s : 
Pa ii 
i am 
re oF 
| 
V+ 7 
aes ‘z | | 
if 
rt. ; 
te 
ash 
~~ 2 
RR | hay oye ot | hd 
i 15) ia) =. 
asl tT 7 
7 a 
7 ao ~ 
or YS fre eevee on pis peso Pele 40t) eared sie i 


i ae unite mete ver tires 18 ue 


joritig ts peortigae 
: a LF - ar 
——- sie oa Aho iz binge # ac 

ane ay 
+ a bos ee ns igting Ee) sia ep hey “” 
_ te ao ea ny paw mH 6 = i deh sine: Me 


| ra 
_ > ae el abel it 9 een i iii 


a 


| | = = 
De : ev Tonite. me 8 Pia 


soy 


GO°O0 <d & 
*suo!1e;ndod om) ey, usemzeq eduesessip jueo!s1uSis ou s} uous teyus ALI] !qeqoud ey, sejouep g 


"pesn sejosnu fo 4equnu ey, fueseideu seseytueied ul seunS!} ouy *¢ o4nd!4 woul peuleyqo sem eLep siuy 


F010 BF 80°0 MEN) > aS Oc po + GllL (9) PSfeEAsseusGq 
GOEO) = 66.0 Cw te Lee O°Z! Ola wey (9) | GW4ON 
‘3°S F YEON A°S ¥ UeS\ 
tuewpue duos 
(S/ej;ourl) Surysem MO[S U} (5/eyowr) JuewpLuedwos 4,se4 fueWwLUeduod MO]S 
Sunoyu p $0 pue syuL tdeoueLu! ew! 4 Ouez ee ee ee eee 
te Bululeweu e9 $e wnloy;eo so Lunowy ‘3°S F ueoy (ulW) SeWlt J]eH selosny 


"0065 +2 Sdi4uts w5esyde:p seu pepeauoeuep sAep g¢ of ¢Z pue j;ewuou ul Sulpeoc 


sunoy Z Sulunp sjuewpuedwoo mo|]S euL ul wn!o;ed Jo eyerdn out pue ¢420 $0 xNi dso Jo sowl4t 4) eH 


i Sala lfeahe/4) 


Th < 


ee 


magelh tet & pat = 


7 he wlohe Ps 
tysemer nl air 


a 
= * 


ettic ace tibial * waa 


as a = 


= 


. : a. 
Gut I6dt @owiad AeTeGsit ib *Asaitinsre on ar Soe ar yr) Malesore ait = 


~~ oe Se SS 
oe « 


260 


central piece of the muscle was measured while the effluent samples 
were discarded. 

In this series of experiments, 19 to 38 days denervated 
rat diaphragms were used. Both normal and denervated muscles were 
taken from the same animal. Figure 4 shows the rate of efflux of 
Cat> from the slow compartments of both the normal and the denervated 
muscles at 35°C, The half times for the efflux of Cat® were cal- 
culated from the regression lines. Thus, the half time for the 
efflux of Cat® from the slow compartment of the normal muscles was 
158 minutes, the regression |ine having a correlation coefficient 
R2 0.4196. Similarly, the half time for the slow compartments of the 
denervated muscles was 7/7 minutes, the regression line having a 
correlation coefficient R= 0.833. 

When The regression line was extrapolated back to zero 
washing time, The zero time intercept gave the amount of calcium 
taken up by the slow compartment during 15 minutes of loading. 

The amounts of calcium in the slow compartments in the normal and 
the denervated muscles (as obtained from Fig. 4) were 0.034 pumole/g 
and 0.074 umole/g of muscle, respectively. When the efflux curve 
for Cat® from the slow compartment was plotted on an ordinary graph 
paper, it yielded an exponential curve. This exponential curve can 
be represented by the equation: 


VCE eC oe [1] 


where Y(t) = amount of Ca remaining in the slow compartment of the 
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Ca EFFLUX FROM RAT DIAPHRAGM. 35°C 
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Figure 4. Efflux curves of Cat® from the slow compartments of both the 
normal and 19 to 38 days denervated rat diaphragms at 35°C. 
The muscles were loaded in 60 ml radioactive Cat> containing 
Krebs for 15 minutes and washed for 60, 120 and 180 minutes. 
The half times were measured from the regression lines. In 
each case 49 muscles were used. 


Ordinate = Ca space on log scale 
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Abscissa = washing time (min) 
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muscle after +t minutes of washing. 
Y(o) = amount of Ca in the slow compartment of the muscle 
at zero washing time. 
e = exponential. 
tT = washing time in minutes. 
tT.c.= efflux time constant in minutes. 
[neorder to find the value of YCo), ive. the amount of calcium in 
the slow compartment at zero washing time, the above equation can 
be rewritten as follows: 


Viole=tY(t)/erties: 


[2] 
However, upon plotting the efflux curve of Ca*t® from the slow com- 
partment on semilog paper, a straight line was yielded, with equation 


[2] being rewritten as follows: 


Koen Aden) ce kecWAGrtae eer 


The time constants used for these calculations for normal 
and denervated muscles were obtained from the regression lines in 
Figure 4, The calculated average Ca uptake by slow compartments (for 
49 normal and denervated muscles) was 0.034 + 0.001 umole/g and 
03075=2-0.002 umole/g of musches, respectively. there wasvacsigq- 


nificant difference between the two, 
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3. Effect of Denervation Days on Cat? Efflux: 


In the course of experiments on Cat® efflux from the whole 
diaphragms, it was observed that the half times for the rate of 
efflux also depended on the number of denervation days. The results 
were arranged in four groups depending upon the days of denervation 


as follows: 


Group | 7 to 8 days 


Group || 14 to 20 days 
Ge Cupel Nin etopos edays 


Group IV 40 to 61 days 


Experiments of Groups |, I!1 and IV will be explained here. 
In each set of experiments, the denervated muscles were always com- 
pared with Their own normal sides. The results of all these experi- 
ments are summarized in Table I|. 
am Groups: 

‘tn this set of experiments, 7 to 8 days denervated hemi- 
diaphragms were used. The muscles were loaded with Cau etor 2ohours 
and then washed for different time periods. The effluents were dis- 
carded and Gat? remaining in the central piece of the muscle after each 
washing was measured. Figure 5 shows the rate of efflux of Ca7° 
from slow compartments of both the normal and denervated muscles at 
35°C. The half times for the efflux of Cat® were calculated from 
the regression line. The half time for the efflux of Cat® from the 


slow compartment of the normal muscle was 176 minutes, the regression 
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Ca EFFLUX FROM RAT DIAPHRAGM 


1.0 
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mi GUEC. 3.6 Sind UXeCuUrVes Jor Cat® from the slow compartments of both 
the normal and 7 to 8 days denervated rat diaphragms at 
35°C. The muscles were loaded in 60 ml radioactive Ca*® 

containing Krebs solution for 2 hours and washed for 64, 

121, 196 and 256 minutes. The half times were measured 

from the regression lines. 


Ordinate = Ca space on log scale 


Abscissa = washing time (min) 
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line having a correlation coefficient R* 0.668. In comparison, the 
half time for the efflux of Cat® from the slow compartments of the 
denervated muscle was 134 minutes, the regression line having a 
correlation coefficient R* 0.7317. 

When the regression line was extrapolated to zero washing 
time, the zero time intercept gave the amount of calcium taken up by 
the slow compartment at the end of 2 hours of loading, these being 
0.3 ml/g Ca space for normal and 0.64 ml/g Ca space for the denervated 
muscles. ™oince The molarity of Ca in the solutlonswas: 1 omM/ liter, 
the actual amount of Ca in 1 ml of solution was 1 umole. This meant 
that 1 ml of Ca space represented 1 umole of Ca. Thus, the above 
slow compartment calcium spaces in normal and denervated muscles could 
also be represented as 0.3 pumole/g and 0.64 umole/g of muscle, 
respec; ively. ihere isa significant difterence between the two. 

DJ meer Ouna li lis 

In this set of experiments, 14 to 20 days denervated hemi- 
diaphragms were used, the procedure having been previously described. 
Figure 6 shows the rate of efflux of Ca't® from the slow compartments 
of both the normal and denervated muscles. The half times for the 
efflux of Cat® were calculated from the regression lines which are 
141 minutes for the normal and 86 minutes for the denervated muscles. 
The zero time intercept gave the calcium uptake by the slow compart- 
ment at the end of 2 hours loading in normal and denervated muscles: 
0.33 wmole/g and 0.51 umole/g of muscle, respectively. The 
NPE between the normal and denervated muscles was significant. 


A comparison of the Ca uptake by the slow compartment in 
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Ca*° EFFLUX FROM RAT DIAPHRAGM 


1.0 
NORMAL DENERVATED 14 to 20 DAYS 
& 26 el nui 
= 
g 
a0! t5= 14Imin : 
C0 4 ea — | re | eee 
0 60 120 180 240 min 0 60 120 180 240 min 


Figure 6. Efflux curves of Cat® from the slow compartments of both 
the normal and 14 to 20 days denervated rat diaphragms at 
35°C. The muscles were loaded in 60 ml Cat® containing 
Krebs for 2 hours and washed for 64, 100, 121, 196 and 
256 minutes. The half times were measured from regression 
lines having correlation coefficient R* for normal muscles 
0.7732 and for denervated muscles, 0./316. 

Ordinate = Ca space on log scale 


Abscissa = washing time (min) 
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normal muscles of Groups | and II! showed that there was no significant 
difference between the two groups (P > 0.05). A similar comparison 

in denervated muscles showed that the slow compartment calcium uptake 
in 7 to 8 days denervated muscles was about 0.11 umole/g of muscle 
more on the average than 14 to 20 days denervated muscles. There was 
a significant difference between the two groups (P < 0.005). 

GJepocoupe | ils 

Group II! experiments, in which the muscles were loaded 
only for 15 minutes, have already been described in detail. 
dP GroupelV: 

In this series of experiments, 40 to 61 days denervated 
hemidiaphragms were used. Figure 7 shows the rate of Cat® efflux 
from the slow compartments of both the normal and denervated muscles. 
The half time for the efflux of Ca't® from the slow compartments of 
the normal muscles was 162 minutes and that for the efflux of Cat® 
inthe denervated muscles was 67 minutes. The calcium uptake by the 
slow compartment in normal and denervated muscles, as obtained from 
Figure 7, were 0.31 pmole/g and 0.72 umole/g of muscle, respectively. 
There was a significant difference between the normal and denervated 
muscles. 

A comparison of calcium uptake by the slow compartment in 
normal muscles in these experiments showed that there was no signif- 
icant difference (P > 0.05). However, the calcium uptake by the slow 
compartment in 40 to 61 days denervated muscles was 0.08 umole/g 
more than the average uptake in 7 to 8 days denervated muscles, the 


difference between these two groups being significant (P < 0.05). 
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Figure 7. Efflux curves of Ca?t® from the slow compartments of both 


normal and 40 to 61 days denervated rat diaphragms at 
35°C. The muscles were loaded in 60 ml Cat? containing 
Krebs for 2 hours and washed for 81, 121, 144, 169, 225 
and 250 minutes. The half times were measured from 
regression lines having a correlation coefficient R2 for 
normal muscles 0.7458 and for denervated muscle, 0.8873. 
Ordinate = Ca space on’log scale 


Abscissa = washing time (min) 
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Similarly, when a comparison was made between 14 to 20 days denervated 
and 40 to 61 days denervated muscles, it was found that the calcium 
uptake by the slow compartment in 40 to 61 days denervated muscles was 
0.19 wmole/g muscle more than the uptake in 14 to 40 days denervated 
muscle. There is a significant difference between these two groups. 
eyeconciusi1en: 

In these experiments, the calcium uptake in normal muscles 
showed no significant difference (P > 0.05). The calcium uptake In 
the denervated muscles, however, depended upon the number of days of 
denervation: 40 to 61 days denervated muscles took up 0.08 umole/g 
calcium more than do 7 to 8 days denervated muscles (P < 0.05), and 
correspondingly, 0.19 pmole/g more than the 14 to 20 days denervated 


muscles. 


ApieCay (wet filixe at °C: 

bnetihis series)! Cat -Vertiluxes Were Measured! at 25°C, ane 
reason for using this temperature being that the muscles survived 
better and longer than at 35°C. Although normal muscles produce 
more twitch tension at 25°C than at 35°C, it had been shown that in 
denervated muscles the tension decreases (Padsha, 1965; Padsha, 1968; 
Padsha & Winchester, 1968). Thus, the purpose was to determine if 
there was any correlation between tension changes and calcium fluxes 
in normal and denervated muscles. The denervated preparations were 
10 to 30 days denervated rat diaphragms. From the experiments using 
34 normal muscles and 27 denervated muscles, the following were 


obtained: 
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(1) that half times for Ca*® efflux, calculated from 
the regression lines, were 217 minutes for normal 
and 125 minutes for denervated muscles; 

(2) that the calcium uptake by the slow compartments, 
obtained by extrapolation of the regression lines 
to zero washing time, were 0.15 umole/g for normal 
and 0.4 umole/g for denervated muscles; 

(3) that it was concluded from this that the half times 
showed the same difference as that at 35°C except for 


being prolonged. 


Deetiecwon Cafreine on Ca. let tlux: 

In this experimental series, it was attempted to study the 
relationship between the produced tension and the calcium fluxes in 
muscle preparations. Caffeine was used to produce both These changes. 
The technique for the efflux study has been described. In these 
experiments, muscle strips were loaded for 2 hours with 20 mM caffeine 
being added at the desired times during washing. The caffeine 
solutions were prepared by the method of Frank et al. (1970). The 
results are presented in Figure 8. To summarize for contracture 
tension, it was noted that: 

Ciara “Gwaihe saddierioniorts cat feilinert ind ucedfarrcens 

+racture in both normal and denervated muscles; 

(2)aelnebothy prepaat ions, vihewcontraciuresywere ysus- 

tained; 


(3) the produced contracture in normal muscle was 


why a ah 


| _- tn 
7 4s ba wena 


: ean ak orate ¥ e jaunt ant! 


7 ” oa T Ties ~cey 7 ST en 
"25h. G ov , Peta qodet 404 oeoksivi coh im oa wv 


Lame my ye. 
Hindatiiqet wale aH ye oka tee OM KeB’ 


AAT) ASle Saigo Gi eiintiyn i hcg: Wil venfetag = 
5 ; ae - 


ran 1e ' Lontty efg ai p AU iibe my ome. at ; 
i 7 is ' 
alarm Gutevrhiiah 14% pM ier a ,¢ bee 


1AGe Bittman! Labia coe eee Ge ps 


177.7 t 
_ 
7 r4 a he fi j ry erie 3 /t4 Tyee 
‘ 
} | be nef Ta - 
} 2 
ed A ea 
in =——“s - oo => 4 7 
= ’ | ‘ea et at 
ia 17 ik i rs ; j WALA TARE } é 
14 3 ea a t i! i e ' aaa ie 
{ i bh i ..S ory « ’ i ath , 
: 7 
ffi Reuters ial ant torte Gu TS 7 ae 
i 
BAla Pie BTU oy AO) 2m Sipe siti fe een 


rhs ‘7 ‘ ein att} WeEAT *{ iz ify ie j am & i ol) a ie iy 7 


cre 
7 


wi LER L At Tey A ei ORS t > An’ ¥6 teeters ead sa be 


‘ 
= 


eHitnystnos. tot OS ieee Glee s8 gudtsginal set 
“eR! befr' uy .) eee 
i : - : . 
~to & woah! sniatiae. To wale ibys att 2Fey 16 4 © 
Al as 
: y 
bina | VEIN - LEST AM MBE aly: Cire? heahiretis ies a joel er 
- - ee . eee 
; Pont A net iit! be 


ve - 7 -_ 
i si Ves a ie 


. 9 oe 
ip i : ae » Wea bie | 
fie ayant cp Dea biene tig 


= seme | etow euriut it; 8D, ei siete 


a _ 


foie 


EFFECT OF TEMPERATURE ON CAFFEINE INDUCED 
CONTRACTURES AND RATE COEFFICIENTS OF Ca~ EFFLUX 


e—« Normal °—® Denervated 
20mM Caffeine 


> re 
Sa eee uC EC 


CONTRACTURE TENSION kg/cm? 


TEMP. 
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Figure 8, Effect of temperature change on caffeine induced con- 
tractures and rate coefficients of Cat® efflux from 
normal and a 25 days denervated rat diaphragm strip. The 
muscles were previously loaded for 2 hours at 15°C. Arrows 
indicate where the solutions were changed or the temperature 


was increased, 
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greater than that in denervated muscles; 

(4) an increase in temperature to 35°C resulted ina 
transitory increase in contracture tension for 
both preparations. 

With regard to the rate coefficients, caffeine caused in 
both preparations an initial transitory increase, which decreased 
to a level greater than the previous resting value. The difference 
between these two values was greater for the normal than denervated 
muscle, corresponding to the greater contracture tension produced 
in normal muscle. Upon increasing the temperature to 35°C, the 
rate coefficients showed an initial rapid increase, corresponding 
with contracture tension, and continued to slowly increase while 
the tension decreased. From this, it appeared that caffeine induced 


Cat? efflux was also dependent upon Temperature. 


[1. Ca'*® UPTAKE BY NORMAL AND DENERVATED RAT DIAPHRAGM 


The purpose of this series of experiments was to measure 


the calcium uptake by denervated muscles. Since in these experiments 


ee 


left and right hemidiaphragms were used, it was necessary to determine 


the possibility of differing Ca uptake in the two sides of a normal 


diaphragm. Ina few experiments sham-denervation was done by exposing 


the phrenic nerve as explained in the methods. The following com- 
parisons were made for calcium uptake: 
(1) right and left sides of normal hemidiaphragms 


(2) normal and sham-denervated hemidiaphragms 
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(3) normal and denervated hemidiaphragms 


eo aca) Uptake In Vitro: 


Three diaphragms were used for each set of experiments. 
The whole diaphragms were loaded in Ca*® Krebs solution for 10 min- 
utes at 25°C, then washed for 64 minutes to remove the extracellular 
ca, eepiicecay = remaining in the central portion of the muscle was 
then measured by means of the procedure given in the methods. The 
resulis are presented in Figure 9 and Table’ IV. 

When the normal hemidiaphragms were compared, although 
The left had a slightly higher Ca uptake, there was no significant 
difference between the two sides (P > 0.05). Similarly, when the 
Eich tenornat Sides was compared wii) ime) lets ssnam—derervared side, 
there was no significant difference between the two (P > 0.05). 
Although there was no significant difference in the calcium uptake 
in these sets of normal diaphragms (left, right or sham-denervated), 
Comparison Of ine ri ghtenormal "side To The letis 29910 37 days: dener- 
vated side showed that the denervated side took up about 22 times 


more Ca. There was a significant difference (P < 0.01). 


ZomeRates ot Gac> alntlux: 

The efflux experiments showed that denervated muscles take 
up more Ca than normal muscles at a faster rate. The purpose of the 
following experiments was to measure the rates of Ca influx in 
normal and denervated muscles. For this it was necessary to keep 


the loading time very short to avoid any back flux of the isotope, 


TOR 


a ' ea a . 
herr | | pind sical 


i . Ny (uh 


2 - : ; a oe ; 7 _ a 
sien Jegke Th Tae (ge, *7) Se¢u & a et a Atel 
70 
* : ik , 
<Aim Of Gl acldwiod® adean FD i lee “a 


ra tul! axe Git) Gyo OT fely iw 24 Hie san 
as 7 
aay pin) GAR FOC HePTSeg fE41 in Sey \ cube} Me 
at anes Deyn aay! t vl th Vier eit yy BAX tant a bates 


; ioe ) : 
Haieay iwiht= oe i ia oer dis 2 hiwene 


ion te. Pecteat ABW: crepe Tig Lil aad + wegen) eat? madi : 


piTthols on éi0 ayst .S1Gtol sa cangid Yiiipite 4 mit pi ont 


ST VURTEDP gata: Pag 2 Oe etl ey COREE inet evi sav a an “an t 
. ses 


pes Sy phop-tewde PRO) arth aie + eatin: 4.20 ael> Jem tap he 
phen i eo jibctosntataghs oa! an weit, 
; - : : = 
ay oil Th de. - maine a) as nie be al 8M “9 att QUENT TA 
; : ae cola 
whl ey ete-- ihre 2 ie | ‘ taly iy 4 tea! SQ 19 @?e rant LA? 
( wt 
="), 24k We BS gle aay on le pareve Coeks Gat} Ns ea Hagens 
i ‘ : | ’ ¥ ; = as, 
Sine i 7) ys POG iu omy ls | i ey eRe Ve wret 7a Af be wena Z: > bt * Vy 
id ; y Vite - : 
CD20 2-4) namie ho Wies Angie ® avheeeey gaia 


» f 
9 - , 
. 7 . 


ay nd tein 


ei Ale | Seine bei ay oor hevodle e\ ng 1 sande 4 she 


t 
ri = 


Belt in eepeaty ta cent ober: “ye tien io we. 2h f-42 Th ine 


oe oni! oi ae ae att tvarnion el te) git anes 


ee ed ~ S : 
Pant mete al — Pal, ~ ‘@utz pastiche 


ald ae wa aly sai 


ie ns 
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Figure 9, Cat® uptake by rat hemidiaphragms in vitro at 25°C. The 
hemidiaphragms were loaded in 60 ml eave containing Krebs 
solution and washed for 64 minutes. Data used to construct 
this figure was taken from Table III and calcium remaining 
in the muscles was shown as Ca space (ml/g). Bars indicate 


standard error of means. 
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TABLES IA 


can uptake by normal, sham-denervated and 29 to 37 days dener- 


Vated rat hemidlaphragms, im vzcro lat 2520. 


Ca space (ml/g) of 


Hemidiaphragms p* 
Muscles. Mean + S.E. 

NOGtall mCi es toe) (4) O50 169 .0.001 

ie SmeOaOD 
Normal (It. side) (3) 03,022 + 0.005 
Normal (3) OF OTA 2-0 7002 

Pee 20 205 
Sham-denervated (3) 02026 = 07004 
Normal (3) G201952 0002 

PF <20201 
Denervated (3) 0,045, 0,001 
Data from this table was presented in Figure 9. The figures in paren- 


theses represent the number of muscles used. 


* P denotes the probability that there is no 


significant difference between the two 


populations. 
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which would otherwise reduce the rates of influx. Thus, strips of 
normal and 19 to 38 days denervated diaphragms were loaded in 60 ml 
Cat® containing Krebs solution for 5, 10 and 15 minutes and then 
washed for 1 hour to remove the extracellular Cat. At the end of 
washing, the radioactivity remaining in the center of the muscle 
strips was measured. This amount, divided by the loading time in 
seconds, gave the rate. This is summarized in Table IV and presented 
in Figure 10. The data shown in Figure 10 was not corrected for any 
loss of Cat® from the intracellular compartment that might have 
occurred during 1 hour of washing. AIl the experiments were done 
chr erate 

After 5 minutes loading and 1 hour washing, the calculated 
rates of influx in normal and denervated muscles were 47.4 + 2 pumole/ 
g/sec and 78.7 + 5 wymole/g/sec, respectively. After 10 minutes of 
loading and 1 hour washing, the rates of influx in normal and dener- 
vated muscles were 42.3 + 2 pumole/g/sec and 68.4 + 2.7 wymole/g/sec, 
respectively. When the muscles were loaded for 15 minutes and washed, 
the calculated rates of influx in normal and denervated muscles were 
37 + 2.8 uwumole/g/sec and 54 + 2 yumole/g/sec, respectively. 

The calculated average rates of influx did not decrease 
significantly up to 15 minutes of loading in normal muscles, but 
they did decrease in denervated muscles after 10 minutes. Thus, for 
the calculation of rates of influx, 10 minutes loading time was 
chosen. 

The influx rates described so far were not corrected for 


Cat® joss during 1 hour washing. This data has been corrected for 
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migure 10. 


Ca” INFLUX IN NORMAL AND DENERVATED RAT DIAPHRAGM 
120 


— 


c 


NORMAL 
[]  DENERVATED 


AVERAGE RATE OF INFLUX (uymole/g/se 


5 |O 15 
TIME (min) 


Average rates of Cat® influx in normal and 19 to 38 days 
denervated rat diaphragm strips at 35°C, after 5, 10 and 
15 minutes of loading and 1 hour washing. The data 

shown was not corrected for any loss of Cat® from the 
intracellular compartments during washing. Bars indicate 


standard error of means. 
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Cat> toss during washing by using the time constants derived from 
efflux curves shown in Figure 4. The last column in Table IV gives 
these values. In this calculation, it was assumed that the resting 


influx and efflux were the same. 


3. Effect of Denervation Days on the Rates of Cat® Influx: 


The purpose of this series was to study the effect of 
denervation days on the rates of influx in normal and denervated 
muscles. The whole diaphragms were loaded for 10 minutes and 
Washeds tor hoUbait55 °C, andiCa’- remaining in the central por- 
tion of the muscle was measured. These experiments were grouped 
according to the number of denervation days, the results being 
given in Table V and Figure 11. Those shown in Figure 11 were 
hor cortected for the loss of iCa*° during | hour washing. The 
last column in Table V gives the rates of Ca influx which were 
corrected for the loss of Cat® during washing. The method used 
for correction has been described in the previous section. 
cee crOupe |: 

ln this group, / to 9 days denervated diaphragms were 
used. Table V shows that the average rates of influx in dener- 
vated muscles were 25% faster than in normal muscles. After 
correction for the loss of Cat® during washing time, the rates 


of influx in denervated muscles were 31% faster than in normal 


muscles. 
Db) Group lie 


In this group, 21 to 25 days denervated diaphragms were 
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Ca INFLUX IN NORMAL AND DENERVATED RAT DIAPHRAGM 
20 


— 


=] NORMAL 
[_] DENERVATED 


AVERAGE RATE OF INFLUX ( 4 wmole/g/sec) 


(es) fal a0) 62 
DENERVATION DAYS 


Figure 11. Effect of denervation days on the average rates of Cat® 
influx in normal and different days denervated rat dia- 
phragms at 35°C. The muscles were loaded for 10 minutes 
and washed for 1 hour. The data shown here has not been 
corrected for the loss of Cat® during 1 hour washing. 


Bars indicate standard error of means. 
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used. Table V shows that the average rates of influx in denervated 
muscles were 41% faster than in normal muscles. After correction 
fSeethemloss ofica’” during washing, the rates of influx in dener- 
vated muscles were 55% faster than in normal muscles. 
CURR CROUDE Aa: 

In this group, 62 days denervated diaphragms were used. 
Table V shows that the average rates of influx in denervated muscles 
were 56% faster than in normal muscles. After correction for Cat 
loss during washing, the rates of influx in denervated muscles became 
69% faster than the normal muscles. 

These experiments showed that in denervated muscles, the 
rates of calcium influx gradually increased with the number of dener- 
vation days, whereas there was no significant difference in the normal 


muscles. 


4, Cat® Uptake In Vivo: 


The studies so far done tn vittro show that the denervated 
muscles Took Up more calcium mal a taster hare. ihe quest ion arose 
whether the same was true in the living animals. To answer this, a 
few experiments were done tm vtvo. 

Animals were injected with 10 uC Cat in 1 ml normal saline 
through the left external jugular vein. After 15 minutes of isotope 
injection, the animals were killed and the diaphragms were excised 
immediately, and washed in non-radioactive normal Krebs for 64 minutes 
at 25°C to remove the extracellular Ca*®. The Ca*® remaining in the 


muscles was measured as explained in the methods. The results are 
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presented in Figure 12 and Table VI, Set 1. 

Figure 12 shows that there was no significant difference in 
the calcium uptake in the right and left sides in normal diaphragms 
(P > 0.025). Similarly, when normal sides were compared with sham- 
denervated sides, there was no significant difference (P > 0.05). 
However, the 14 to 42 days denervated sides took up twice as much 
calcium as the normal. 

Table VI, Set Il, gives the total calcium uptake in normal 
and denervated muscles, the denervated muscles taking up 61% more 
Cat than the normal. Note that these muscles were not washed to 
remove the extracellular Cat>, 

The above experiments showed that even in living animals 


the denervated side took up more calcium than the normal. 


Dee CCl OL WM La OnLOn Galealing lux: 

lt has been known that stimulation increases the Ca influx 
in skeletal muscles (Bianchi & Shanes, 1959). The studies of Padsha 
(1968) and Padsha and Winchester (1968) demonstrated that the mechanical 
response of denervated rat diaphragm to stimulation differed from the 
normal, and that this difference depended upon the environmental 
temperature. The purpose of this series of experiments was to study 
the effects of stimulation on Ca influx in normal and denervated 
muscles at different temperatures, and to determine if there was a 
correlation between the Ca influx and mechanical response of these 


muscles. 


The muscles were loaded in Cat Krebs solution for 10 minutes 
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Figure 12. Cat® uptake by rat hemidiaphragms in vivo at 25°C. The 
animals were injected with 10 yc Cat® in 1 ml normal 
saline through left external jugular vein. After 15 
minutes, the hemidiaphragms were excised and washed for 
64 minutes. Data used to construct this figure was taken 
from Table: Vi, Set ls) ars ‘indicate standard error of 


means. Ca uptake Is given as CPM/mg (% of normal). 
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EFFECT OF STIMULATION ON Ca SUPTAKE BY NORMAL 
AND DENERVATED MUSCLES AT DIFFERENT TEMPERATURES 


0.07 
STIMULATED 
A RESTING 
DENERVATED 
0.05 STIMULATED 
RESTING 


0.03 


NORMAL 


INTRACELLULAR Ca SPACE (ml/g) OF MUSCLE 


0 IS 29 35 
TEMPERATURE (°C) 


Figure 13. Effect of stimulation on Ca uptake in normal and 19 to 38 
days denervated rat diaphragm strips at different temp- 
eratures. The muscles were loaded for 10 minutes and 
tetanized for 1 second per minute for the last 8 minutes, 
and then washed for 1 hour. No corrections were made for 
the loss of Ca during washing. Bars indicate standard 


error of means. 
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TABLE SV 
Intracellular and total Cat® uptake by normal, sham-denervated and 


14 to 42 days denervated rat hemidiaphragms in vivo. 


Hemidiaphragms Cat CPM/mg of muscle 


4 of normal or right side, Mean + S.E. 


SySumele niece ular 
Normal (left side) (3) WOOK08SS 2755814 
Sham-denervated (3) 1125924 6.0042 
Denervated (5) 199.652 + 16.34% 

Se Taw: 

Denervated (7) 161.079 + 8.958% 


The figures in parentheses represent the number of muscles used. 
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aims C,—2) Cand 15°C. Aftersthesticst two minutes oF loading at 
rest, the muscles were tetanized isometrically for 1 second per min- 
ute for the last eight minutes. At the end of each loading, the 
muscles were washed for 1 hour to remove the extracellular Ca't®. 

The rest of the procedure was the same as described previously. 

The results of these experiments are shown in Figure 13. No 
corrections were made for the loss of calcium during 1 hour washing. 
From the experiments using 9 normal and denervated muscles, each at 
the above temperatures, the following were obtained: 

(1) that stimulation increased the Ca uptake in both the 
normal and denervated muscles at all temperatures 
except for normal muscles at 15°C, where there was 
no increase; 

(2) that this increased uptake on stimulation was 
significant only for normal muscles at 55°C; 

(3) that when the temperature was lowered from 35°C 
to 15°C, the Ca uptake was less in both muscle 


preparations. 


lit. -Cat> SPACE 


When the rates of calcium influx were measured in the dener- 
vated rat diaphragms, the loading time was kept as short as possible, 
j.e. 10 minutes, in order to reduce the back flux of Cap eather results 


showing that the rates of Ca influx increased in denervated muscles. 
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The question arose as to what was the total Ca space in denervated 
muscles when they were equilibrated with the loading solution for a 
long time. 

In order to study this, cut strips of 19 to 38 days dener- 
vated muscles were equilibrated with Ca*S Krebs solution for varying 
times up to 480 minutes. The details of the procedure were the same 
as described earlier. Figure 14 shows the results of these experi- 
ments. The total Ca space Cintracellular plus extracellular) fn 
denervated muscles was more than that in the normal muscles at all 
loading times. After 480 minutes, the denervated muscles had 31% 
more calcium than the normal muscles (0.813 + 0.045 ml/g and 1.234 + 
0.062 ml/g for normal and denervated muscles, respectively). 

The next question arose whether this increased Ca uptake 
was in the intracellular or the extracellular compartment. In order 
to study this, the muscles were washed for 1 hour to remove the 
extracellular Cat®, the results being shown in the lower two traces 
in Figure 14, After 480 minutes of loading and 1 hour washing, the 
intracellular Ca space in denervated muscles was, on the average, 

6% more than in normal muscles. The average values for normal and 
denervated muscles were 0.494 + 0.027 ml/g and 0.524 + 0.036 ml/g, 
respectively. These values did not show a significant difference 

(P > 0.25), but they were not corrected for the loss of Ca from the 
intracellular compartment during washing. When this correction was 
made using the time constants, 228 minutes for normal and 111 minutes 
for denervated muscles which were derived from the efflux experiments 


(Fig. 4), the corrected values for normal and denervated muscles were 
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Ca” UPTAKE BY NORMAL AND DENERVATED RAT DIAPHRAGM 
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| 400 
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Intracellular and total Ca space in normal and 19 to 38 
days denervated rat diaphragm strips at 35°C. The intra- 
cellular Ca space was not corrected for loss of Ca during 
\ hour Washing. Bars indicate standard error of means. 


Where bars are not present, the standard error falls 


within the points. 


Ca SPACE (ml/g) 


Bae 


O56455— 0,052 ml/g and 0.899 270.061! ml/g, respectively, 1.e. the 
intracellular space in denervated muscles was 29% more than in normal 
muscles. This difference in the corrected values of the intra- 
cellular Ca spaces in normal and denervated muscles was significant. 
In these experiments, the extracellular Ca’ Space was 
derived by substracting the "corrected" intracellular Ca space from 
the total Ca space. The results showed that the extracellular Ca 
space after 480 minutes of loading was 50% more in the denervated 


muscles (0.17 ml/g for normal and 0.335 ml/g for denervated). 


IV. INULIN-C14 SPACE 


CRS Space measurements showed that denervated muscles 
have a larger extracellular space than normal muscles. IT was 
therefore useful to measure the extracellular space in denervated 
muscles by using a substance which was impermeable to the cell 
membrane. Inulin was chosen because it is an inert substance with 
a negligible cell permeability. Whole diaphragms were equilibrated 
with Krebs solution containing radioactive Inultn-C!4 from 2 to 120 
minutes, rinsed for a few seconds in 0.4M sucrose solution To remove 
the surface adsorbed radioactivity, and Inulin-C!* in the muscles 
was measured. The details of the procedure were given in the methods. 
Figure 15 shows the results of the extracellular spaces in normal 


and denervated rat diaphragms after 2 hours loading only. 
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INULIN -C'* EXTRACELLULAR SPACE IN RAT DIAPHRAGM 


fAricht (10 tert 
3] normaL () DENERVATED 


Measurements of Inulin-C!* 


extracellular spaces in normal 
right and left, and normal and different days denervated 
rat hemidiaphragms at 35°C. The muscles were loaded with 


Inulin-C* in normal Krebs for 2 hours. Bars indicate 


standard error of means. 
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1. Right and Left Normal Hemidiaphragms: 

Before examining the differences between normal and dener- 
vated muscles, it was necessary to see if there was any difference 
in the extracellular spaces in the left and right sides of normal 
diaphragms. The results showed there was no significant difference 
(P > 0.25) between either sides of the normal diaphragms (0.132 + 


0.008 ml/g and 0.13 + 0.008 ml/g for left and right sides, respectively). 


woe Et feces Of Denervanion Days: 


The results of the measurements of extracellular spaces 
for denervated muscles were arranged in three groups according to 
the number of denervation days. 
aye Croupeel : 

Five experiments were done using normal and 7 days dener- 
vated hemidiaphragms. The average [nulin-C!* extracellular spaces 
in normal and 7 days denervated muscles were 0.145 + 0.0037 ml/g and 
0.176 + 0.0079 ml/g, respectively (P < 0.005). The extracellular 
Space was increased in denervated mueeiee by 19.72%. 
bos sorouow lil: 

In this case, 10 experiments were done using normal and 
21 to 29 days denervated hemidiaphragms. The average Inulin-c!* 
extracellular spaces fin normal and denervated muscles were 0.127 + 
O77 007 Ze mly gtand 10. 144020106 ml/g Mrespechively. There; was no 
significant difference between the two preparations (P > 0.10). 


Ce croupa iil: 


In 10 experiments of this series, normal and 5/7 to 63 days 
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denervated hemidiaphragms were used. The average Inulin-C!* extra- 
cellular spaces in normal and denervated muscles were 0.162 + 0.0129 
mi/g and 0.215 + 0.0034 ml/g, respectively (P < 0.005). The extra- 


cellular space had increased in denervated muscles by 32.71%. 
Ve ELECTR NCAGBPROPERT LES 


The results of the experiments on calcium fluxes in dener- 
vated muscles suggested the possibility that there may be changes in 
some .of the electrical properties of the muscles after denervation. 

The punpese of ine Tol liowing experimenis was To study the 
resting membrane potentials and action potentials in normal and 11 
to 55 days denervated rat diaphragms. The resting membrane potentials 
and action potentials were recorded with intracellularly placed glass 
capillary microelectrodes filled with 3M KCI. The recording equipment 
and experimental procedures were described in the methods. The effect 
of temperature on the electrical properties was studied ay decreasing 
the temperature from either 35°C to 15°C or increasing it from 15°C to 
35°C. Whether the temperature was lowered or increased produced no 
difference in the results obtained. 

In order to show some of the differences between the normal 
and denervated muscles, samples of selected observations are given in 
Figure 16 and the measurements in Table VII. 

(1) The denervated muscle had a smaller membrane potential 

than the normal (65 mV and 91 mV, respectively) at 35°C 


(Fig. 16A end B). This differences was less at 25°C 
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ACTION POTENTIALS 
NORMAL DENERVATED 


Intracellularly recorded action potentials from normal 

and denervated rat diaphragms. A - B at 35°C, C - D at 
2>-Ceatdpe — Fr, ataloce. | liebe. ecold Was obtaliedercom 
an 11 days denervated muscle. In D, muscle was 55 days 


denervated and in F, the muscle was 43 days denervated. 
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(2) By extrapolating the rising and falling phases of the 
action potential to the base line and measuring the 
distance between the two where they cross it, the 
duration of the action potential was able to be 
measured. “Hence, at 35°C, the duration of action 
potential was longer in the denervated muscle than 
that in the normal muscle (2 mS and 1.1 mS respec- 
tively ys) (hiswdittterence was Vess*ai zo Cand j5-C. 
In both the normal air denervated muscles, decreasing 
the temperature from 35°C to 15°C increased the 
duration of the action potentials, but this increase 
was more in normal muscle (1.1 mS to 6.6 mS) as 


compared with denervated muscle (2 mS to 6.3 mS). 


1. Resting Membrane Potentials: 


Table VIII summarizes the results of the experiments done 
at 35°C, 25°C and 15°C. The average resting membrane potentials in 
normal and denervated muscles at 35°C were 84 + 0.9 mV and 73.8 + 0.7 
mV, respectively. This showed that the membrane potentials after 
denervation had decreased on the average by about 11 mV. When the 
temperature was 25°C, the average membrane potentials in normal and 
denervaredamuscles was 85.8 2.1.1 mV and 71.22 2.4°mV, respectively. 
Thus, reducing the temperature to 25°C caused a decrease of membrane 
potentials in normal muscles by about 8 mV. There was no significant 


change in the resting membrane potentials of the denervated muscles 
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ay 22 Cand 25°C (P >¥0,025)8 ) Comparison or the membrane potentials 
of normal and denervated muscles at 25°C showed a small difference 
between the two, with potentials about 4.5 mV higher in normal muscle 
(P < 0.05). When the temperature was 15°C, the average membrane 
potentials in normal and denervated muscles were 73.5 + 1.5 mV and 
72.4.2 2'mV,srespectively. This difference was not signi ficant 

(ain O.2 ee Therevwasenors|gniticantmditterence (Pee 0) 10a In 
resting membrane potentials in normal muscles at 25°C and 15°C. 
Similarly, there was no signiticanhuditremence’ (P%2.0225) iin nesting 


membrane potentials in denervated muscles at 25°C and 15°C. 


Zo eOUnetONZOTs hCilOMmeOrend las: 

The average duration of action potentials at 35°C in 
normal “and = denervated muscles wash). 2 O.02°mS? and) 2.1.24 0.04) ms, 
respectively, with the difference in the duration between normal 
and denervated muscles being about 0.7 mS. When the temperature 
was lowered to 25°C, the average duration of action potentials in 
normal muscles was increased to 2.3 + 0.05 mS and in denervated 
muscles to 2.5 + 0.1 mS. The increase in normal muscles was about 
1.1 mS, whereas the increase in denervated muscles was only 0.4 mS. 
There is no significant difference in the duration of action 
potentials in normal and denervated muscles at 25°C. When the 
temperature was further reduced to 15°C, the average duration of 
action potentials in both the normal and denervated muscles increased 
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VI. GLYCEROL TREATMENT 


The observation of an increase in calcium efflux and influx 
in denervated muscles lead to an investigation of the pathway of 
calcium entry into rat diaphragm. In skeletal muscle, ions pass 
through the surface membrane and the invaginations of the membrane 
known as the transverse tubules (T-tubules). If some of the calcium 
fluxes occurred through the T-tubules, then this portion of the 
fluxes would be blocked if the T-tubules were disrupted. In recent 
years, a technique has been developed which selectively disrupts the 
T-Ttubules in frog skeletal muscle (Howell & Jenden, 1967; Gage & 
Eisenberg, 1967; Eisenberg, 1968; Howell, 1969). This technique was 
used in these experiments and is to be described, 

First it was necessary to determine if this technique worked 
in rat diaphragm. For this purpose, diaphragm strips were equilibrated 
in normal Krebs solution, then transferred to Krebs solution containing 
400 mM glycerol (glycerol-Krebs) for various time periods, after which 
they were returned to normal Krebs solution forvat feast | hour: 
Twitch tension and intracellular action potentials were recorded as 
described in the methods. 

A few experiments demonstrated that the duration of glycerol 
treatment required was influenced by the temperature at which the 
experiment was being done, the best results being obtained for ZITO 
30 minutes treatment at 35°C. A longer glycerol treatment than 30 
minutes at 35°C completely and irreversibly abolished both the twitch 


tension and action potentials when the muscles were returned to normal 
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Krebs solution. Similarly, at 25°C, the optimum duration of treatment 
“Ne 45 to 50 minutes, with complete irreversible abolishment of twitch 
tension and action potential for treatments longer than this. For 
treatments less than 45 to 50 minutes, it was observed that the twitch 
recovered to about 75% of its Initial value upon return of the muscles 
to normal Krebs solution. In most of the preparations, these glycerol 
treatment times were satisfactory, but occasionally a muscle would 
lose both its electrical and mechanical properties after treatment, 
or recovered almost completely. For this, there was no explanation. 
There was no direct evidence that the T-tubules within 
These muscles were disrupted after glycerol treatment at the above 
mentioned temperatures because electronmicroscopy was not done on 
these preparations (Fatt, 1964; Falk & Fatt, 1964; Eisenberg, 1967; 
Gage & Eisenberg, 1969). However, an observable similarity was noted 
between the rat diaphragm preparations following glycerol treatment 
and those of frog sartorius muscle used by others, namely, the dis- 
appearance of the twitch tension and a recordable action potential 
with an abolished negative after potential. Thus, it could indirectly 
be inferred that glycerol treatment of rat diaphragm would disrupt 


the T-tubules as in frog skeletal muscle. + 


1. Effect of Glycerol Treatment on Twitch Tensions: 

The results of two experiments in which the twitch tensions 
were measured before, during and after glycerol treatment are plotted 
In Figure 17. Within 5 minutes after exposure to 400 mM glycerol- 


Krebs, the maximum twitch tension dropped to about ASS Ofad ts. inintal 
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Effect of glycerol treatment on the twitch tension in 
normal and 7 to 11 days denervated rat diaphragms at 
35°C. The muscles were exposed to 400 mM hypertonic 
glycerol-Krebs for 30 minutes and then returned to 


normal Krebsefor 60rminutes. 
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GLYCEROL EFFECT 35°C. NORMAL MUSCLE 
TWITCH TENSIONS ACTION POTENTIALS 
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Figure 18, Twitch tensions and action potentials recorded from a 
normal rat diaphragm before, during and after glycerol 
treatment at 35°C. For glycerol treatment, the muscle 
was exposed to 400 mM hypertonic glycerol-Krebs for 30 
minutes and then returned to normal Krebs for 1 hour. 
Action potentials were recorded with intracellularly 


placed glass capillary microelectrodes filled with 3M KCl. 
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value in normal and about 33% in denervated muscles. When the muscles 
were returned to normal Krebs solution, there was a sharp decrease in 
the twitch tensions in both normal and denervated muscles. Within 25 
to 30 minutes, only 2 to 5% of the initial twitch remained. Although 
both muscles showed a large decrease in twitch tension during and 
after glycerol treatment, the normal muscle always possessed a greater 
percentage of remaining twitch tension at any of these periods during 


the experiments. 


Zo) etnect sof Glycerol. Ireaimenk oneiwitch Lens ton land Action Potennials 


in Normal Muscles at 35°C: 

Figure 18 presents the twitch tensions and intracellularly 
heconded aciion poreniials Thoma, norma brratdiaphragcm=betore, “during 
and after glycerol treatment at 35°C, Figure 18A shows a record of 
Minch erenslonas Afier recordingeine: Twinch mens tom, “ahe tact ton 
potentials were recorded using intracellular 3M KCI filled glass cap- 
illary microelectrodes. Figure 18A and B presents a typical twitch 
tension and action potential before glycerol treatment. The membrane 
potential was 86.5 mV, the action potential 109.3 mV, with a negative 
after potential of 17.6 mV. Duration of the action potential was 1.2 mS. 

After the above recordings, the muscle was exposed to 400 mM 
glycerol-Krebs for 30 minutes. Figure 18D depicts an action potential 
recorded after 22 minutes exposure to 400 mM glycerol-Krebs. The 
membrane potential was 79.1 mV, the action potential 89,3 mV, while 
the negative after potential had disappeared. The action potential 
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that followed. 

At the end of 30 minutes exposure, the muscle was returned 
to normal Krebs solution for 1 hour to remove the glycerol. The 
twitch tension was then recorded (Fig. 18E) followed by recording 
the action potential (Fig. 18F). The membrane potential was 87.9 mV, 
the action potential 107.1 mV, while the negative after potential 
remained absent. The action potential duration was 1.3 mS. 

A comparison of twitch tensions in Table IX showed that 
when normal muscle was exposed to 400 mM hypertonic glycerol-Krebs 
solution, the twitch tension was reduced from 39,25 gms to 21.25 gms, 
i.e. a decrease of about 45.86%. Moreover, after 1 hour of washing, 
almost all the twitch tension was gone, only 2.0 gms remaining, i.e. 
about 94.9% of the initial twitch tension was lost (Fig. 18A, C, E). 

Similarly, a comparison of the action potentials showed 
that the membrane potential in normal rat diaphragm was not altered 
by glycerol treatment, although during treatment there was a smal | 
reduction of about 7 mV, which recovered after washing. Similarly, 
the action potential was reduced by 19 mV during glycerol treatment 
but returned to its original value after washing in normal Krebs 
solution. A negative after potential was present only before glycerol 
treatment, being absent thereafter. The action potential duration 
was the same before and after glycerol treatment, but was slightly 


Increased (0.22 mS)- during Treatment. 


Oe Glycerol] Treatment in Denervated Muscles: 


The same procedure as for normal muscle was used to record 
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twitch tension and action potentials before, during and after glycerol 
Treatment, the results being shown in Figure 19 and Table IX. A com- 
parison of the twitch tensions in Table IX showed that when the muscle 
was exposed to 400 mM hypertonic glycerol-Krebs solution, the twitch 
tension was reduced from 19.75 gms to 12.25 gms, i.e. a decrease of 
about 37.97%. However, after 1 hour washing, almost all the twitch 
tension had disappeared with only 0.875 gms remaining, i.e. about 
95.66% of the initial twitch tension was lost. 

A comparison of action potentials in Table IX showed that 
The membrane potential in denervated rat diaphragm was not altered by 
glycerol treatment at 35°C. The action potential was the same before 
and during glycerol treatment, but in this particular experiment, it 
decreased by 9 mV after 1 hour washing. A negative after potential 
was present before and during glycerol treatment, but after treatment 
became greatly diminished. Duration of the action potential was not 
affected by glycerol treatment. 

The same experiments were also repeated at 25°C with 45 
minutes exposure to 400 mM glycerol-Krebs solution and 1 hour washing 
in normal Krebs solution. The results showed that the effects of 
glycerol were the same in both normal and denervated muscles. 

Table X summarizes the effects of glycerol treatment in 
normal and denervated muscles. The results of these experiments 
showed that: 

(1) glycerol treatment abolished the twitch tension 

but preserved the action potential in both 


normal and denervated muscles; 
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GLYCEROL EFFECT 35°C. DENERVATED MUSCLE 


TWITCH TENSIONS ACTION POTENTIALS 
BEFORE GLYCEROL 
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Figure 19, Twitch tension and action potential recorded from an 11 


days denervated. rat diaphragm before, during and after 


glycerol treatment at 35°C. For glycerol treatment, the 


muscle was exposed to 400 mM hypertonic glycerol-Krebs 


for 30 minutes. The action potentials were recorded with 


intracellularly placed glass capillary microelectrodes 


filled with 3M KCI. 
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TABEE IA 
Twitch tensions and action potentials from normal and 11 days denervated rat diaphragms 


before, during and after glycerol treatment at 35°C. 


eee eee 


Muscles Treatment Twictrehe tension Membrane Action Potentials Action Potential 
Potentials Durations 
(gm) (mV ) (mV ) (mS) 


———— OO OOvO>—Sg CO eo — — EEE 


Norma | ENS I) Sor) OIG Ray 
before glycerol] 

Denervated USBYS HOE 110.44 Loe 

Norma | 2S ood 6958 1.4 
durlIng glycerol! 

Denervated Zee 1.5 ROG) joe '| 

Norma | 2.00 87.9 VO ee 
after glycerol 

Denervated On675 JO.0 100 Toe 


This data was obtained from the experiments shown in Figures 18 and 19. 
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(2) the resting membrane potentials and the action 
potentials were not effected by glycerol treat- 
ment but the negative after potentials were 
abolished or reduced in both normal and dener- 
vated muscles; 

(3) the differences in the membrane potentials and 
action potentials in normal and denervated 


muscles were not altered by glycerol treatment. 


4. Effect of Glycerol Treaiment on Ca't§ Uptake: 


The purpose of this series was to study the effect of dis- 
ruption of the T-tTubules on Ca influx in normal and denervated muscles. 
The muscles were exposed to 400 mM glycerol-Krebs solution for 45 
minutes, washed for 1 hour in normal Krebs solution to remove the 
glycerol, then loaded for 5, 10 and 15 minutes, followed by a 90 
minute washing to remove the extracellular Ca’>.- “The rest of the 
procedure was the same as described earlier. The data obtained is 
summarized in Table XI for normal muscles and in Table XII for 
denervated muscles. The same data, shown in Figure 20 and Figure 21, 
was not corrected for the loss of Cat® during 90 minutes washing. 

These results showed That: 

(1) glycerol treatment increased the uptake of calcium 

in both the normal and denervated muscles; 

(2) glycerol treated normal muscles took up more calcium 

during the first 5 minutes of loading than the 


glycerol treated denervated muscles (Fig. 20); 
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Cd UPTAKE BEFORE AND AFTER GLYCEROL TREATMENT IN RAT DIAPHRAGMS 


ANE ZO 
NORMAL DENERVATED 
0.08 
NON GLYCEROL TREATED NON GLYCEROL TREATED 
[| eyceroL TREAT 7 ED [ _] GLYCEROL TREATED 
0.06 


0.04 


Ca” UPTAKE (moles/g of MUSCLE) 


0.02 


Figure 20. Cat® uptake by normal and 7 to 9 days denervated rat dia- 
phragm strips before and after glycerol treatment at 25°C, 
The muscles were loaded for 5, 10 and 15 minutes and washed 
for 90 minutes. No correction was made for the loss of Cat? 
during 90 minutes washtng. Bars indicate standard error 


of means. 
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RATES OF Ca” INFLUX BEFORE 
AND AFTER GLYCEROL TREATMENT 


NON GLYCEROL TREATED 
[ _] GLYCEROL TREATED 


200 


160 


[20 


80 


40 


AVERAGE RATES OF INFLUX (uumoles/g/sec) 


————— 


NORMAL DENERVATED 


Average rates of Cat® influx in normal and 7 to 9 days 
denervated rat diaphragm strips at 25°C, before and after 
glycerol treatment. Loading was for 5 minutes and 
washing for 90 minutes. No correction was made for the 
loss of Cat® during 90 minutes washing. Bars indicate 


standard error of means. 
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within 15 minutes of loading, the calcium uptake 

in glycerol treated normal and denervated muscles 

was almost equal (Fig. 20) (0.071 + 0.0104 umole/g 
and 0.071 + 0.0085 yumole/g for cena and dener- 
vated muscles, respectively); 

the average rates of Ca influx at 5 minutes loading 
(Fig. 21) In both the glycerol treated normal and 
denervated muscles were 183 + 29 and 114 + 9 wumole/g 


/sec, respectively. 
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DISCUSSION 


1. Control Experiments: 


In all the experiments, the left side of the diaphragm was 
denervated. Because anatomical differences in the blood supply to 
the right and left rat hemidiaphragms have been demonstrated by 
Green (1935), and the work of Sola and Martin (1953) and Thomson 
(1955) has shown the left hemidiaphragm to be lighter in weight, it 
was first necessary to compare the two hemidiaphragms for differences 
in calcium fluxes tn vitro and tn vivo. Sham-denervated left hemi- 
diaphragms were also compared. Hence, from the results presented 
in Figures 9 and 12, no significant differences in the rates of Cat 
influx in the two hemidiaphragms, either normal oe sham-denervated, 
Were observed. “Figure. 22 shows There Torbe no Ssicnificant difference 
between the left normal and sham-denervated hemidiaphragms and the 
right side. A similar comparison between the two diaphragm halves 
is presented in Figure 15 for Inulin-C!* extracellular space measure- 
ments with no significant difference being observed. ‘Thus, the 


conclusion from these results was that the calcium uptake by normal 


and sham-denervated hemidiaphragms was not significantly different. 


Zee xurace ileal spaces 

If the extracellular space is considered as being solely 
the interstitial space, it would then be absent in an isolated single 
muscle fiber. However, the single muscle fiber calcium flux studies 


by Curtis (1970) showed, in the efflux curves, an initial fast com- 
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Ca EFFLUX FROM LEFT AND RIGHT HEMIDIAPHRAGMS AT COAG 


IN VITRO IN VIVO 
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Ca’ UPTAKE ( cpm/mg) LEFT HEMIDIAPHRAGMS 


Ca SPACE (ml/g) LEFT HEMIDIAPHRAGMS 


al 1 (oe it 1 J ies = 
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Ca SPACE (ml/g) RIGHT HEMIDIAPHRAGMS Ca’ UPTAKE (cpm/mg) RIGHT HEMIDIAPHRAGMS 


aise. 127 CaS efflux from left and right hemidiaphragms. The 
muscles were loaded for 10 minutes tm vittro and 15 min- 
utes tn vtvo, washed for 0, 16, 36 and 64 minutes, 
with the remaining CaS in the two hemidiaphragms at 
the end of each washing plotted against that in the 
other. The slope of regression line in tm vitro 


was 0.995 and 77 vivo: 1.0/5. 
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ponent with a time constant of 17 minutes. This inferred an extension 
of the extracellular space beyond the interstitial space and/or the 
possible release of adsorbed calcium from bound sites. In view of 

the electronmicroscope studies of Franzini-Armstrong and Porter (1964) 
and Huxley (1964) on fish and frog muscle fibers, proposing the 
possible existence of tubular invaginations (T-tubules) of the sarco- 
lemma into muscle fibers, the former could be considered a plausible 
explanation. To elaborate, Huxley (1964) demonstrated the passage 

of ferritin, a protein molecule of 110 A diameter, into the T-tubule 
system, and hence a direct continuity between the fluid of the T- 
tubules and the interstitial space; in other words, that the T-tubules 
opened directly onto the fiber surface. On this basis, therefore, the 
T-tTubule system could also be considered as part of the extracellular 
Space. Hence, Curtis (1970) explained the fast component of his 
efflux.curves as representing the eftlux of calcium from the T- 
tubules as well as from the surface adsorbed sites. Finally, it 

has been noted that the measurement of the extracellular space, 
depending upon the radioactive substance used, could*be ficritiousily 
increased by membrane adsorption or permeation. Because of the ill- 
defined nature of these factors, i.e. the interstitial space, the 
T-tubular volume, and the degree of membrane adsorption or permeation 
by radioactive substances, it would be extremely difficult to 
absolutely define or limit the extracellular space on a morphological 
basts. Instead, for the Cat? space experiments here, it was elected 
to define the extracellular space as that compartment of the muscle 


into and from which fons or molecules could diffuse at rapid rates. 
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Thus, from the Cat® space measurements, the total calcium 
was noted to be larger in denervated than in normal muscle. Moreover, 
after 1 hour washing, it was observed that the majority of the Ca'tS 
was rapidly eluted out at rates which were approximately equal in both 
preparations (+ 3 for normal muscle being 10 minutes, t 4 for dener- 
vated muscle, 9 minutes). This represented the fast component of 
the calcium efflux curve, the size of this component being found to 
be larger for denervated than normal muscle. As a result, it was 
concluded that the majority of the Cat® was external to the muscle 
fibers, with the fast component of the efflux curve thus representing 
the "extracellular space", the definition of which has been discussed. 

In the measurement of the extracellular space, a variety of 
substances relatively impermeable to the cell membrane (Ca't®, radio- 
active NajSOu, Inulin-C!*, etc.) have been used (Boyle et al., 1941; 
Creese, 1965; Johnson, 1955; Niedergerke, 1963; Levine, 1970). 
Niedergerke (1963) showed that the relative extracellular space 
volllmess In=trog heart ventricle, according io ime subs lances=used 
were in the order Cat® > SOy > Inulin. Because Inulin fs an inert 
substance and least permeable to the cell membrane, [nut in-C!" was 
used here as a means to measure the extracellular space. From the 
results, it was found that the average Inulin space in normal rat 
diaphragm was 0.145 + 0.0079 ml/g of muscle. In denervated muscle 
it varied with the number of denervation days. At 7 days denervation, 
the peak of increased muscle weight and hypertrophy, the Inulin space 
increased 19.72% more than normal. However, for 21 to 29 days dener- 


vation, when the muscle was within the normal weight range, the 
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average Inulin space decreased to near normal values (0.144 + 0.016 


ml/g). For’ 57 1o63edays denervation, the period of marked atrophy 


and weight loss, the Inulin space increased 32.71% more than normal. 


In the stage of hypertrophy following denervation, Miledi and Slater 


(1969) have demonstrated an increase in the cross-section fiber area. 


Thus, concerning the extracellular space in hypertrophy, the fol lowing 


could be proposed: 


Gp 


(2) 


(3) 


if The increase in muscle weight and cross-sectional 
area was in the same proportion to that of fiber 
weight and cross-sectional area, then the extra- 
cellular space per gram of muscle would remain 
unchanged; 

if the increase in muscle weight and cross-sectional 
area was correspondingly less than that of The 
fibers, then the extracellular space per gram of 
muscle would decrease; 

if the increase in muscle weight and cross-sectional 
area was correspondingly greater than that of the 


fibers, then the extracellular space would increase. 


For 7 days denervation, it appears that the increase in 


muscle weight and cross-sectional area was correspondingly greater than 


that of the fibers, causing the observed increase in extracel lular 


space. Similarly, to explain the increase in the extracellular space 


in extreme denervation atrophy, it could be proposed that the decrease 


in muscle welght and cross-sectional area was correspondingly less 


+han that of the fibers. The results for 57 to 63 days denervation 
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From the Ca*® extracellular Space measurements for normal 
and 19 to 38 days denervated muscle, higher values were obtained for 
both (0.17 ml/g and 0.335 ml/g, respectively) in comparison to those 
of the Inulin spaces (0.127 ml/g and 0.144 ml/g, respectively). 
However, because calcium ions possess a double positive charge as 
well as a greater membrane permeability than Inulin molecules, 
these jons may possibly be adsorbed either on the cel! membrane sur- 
face, or in some other readily accessible region of the muscle, 
causing the Ca*t® measured extracellular Space 1O Desinereased., hus, 
if the Inulin adsorption is considered as negligible, the difference 
between the Cat® and Inulin measured extracellular space yields 
The amount of extracellularly absorbed calcium, calculated to be 
0.043 wmole/g and 0.191 umole/g for normal and denervated muscle, 


respectively. 


Our results of Inulin space in normal rat diaphragm did 
not correspond with those of Creese (1954), who found the average 
Inulin space to be 0.264 ml/g compared to our value of 0.145 £ 
0.0079 ml/g. . Our curve (not presented in the results) for Inulin 
uptake resembled that of Creese with one exception. It reached a 
plateau after 1 hour loading, indicating equilibration of Inulin-c!* 
between the extracellular space and the bathing medium, while Creese's 
curve reached equilibration between 30 and 45 minutes. Unlike Creese, 
cut strips were not used in our extracellular space measurements. 
lt could be speculated that the use of cut diaphragm strips would 


allow Inulin-C!* to pass through both the membrane sheath and cut 
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edges of the muscle to occupy the extracellular space. On the other 
hand, in our experiments intact hemidiaphragms were used, allowing 
the Inulin-C!* to pass through only the muscle's membrane sheath, 
hence taking a longer time to reach equilibrium. The Inulin space 
values in normal rat diaphragm were compatible with those of Lu! !mann 
(1958) for normal rat diaphragms, although a decrease of Inulin space 
to near norma | values after 21 to 29 days denervation was observed 
whereas LUlIlmann observed an increased Inulin space in 18 days 


denervated muscles. 


Set Elux Experiments: 


Throughout the experiments, the standard technique of 
Shanes and Bianchi (1950) was used in order to study the calcium 
fluxes from whole muscles. Using their analytical methods in the 
efflux study, the Cat® efflux curves were divided into two components: 
(1) a fast component occurring at the onset of 
efflux with a very small half time of 9 to 10 
minutes for normal and denervated muscles, as 
observed in the experiments; and, 
(2) a slow compartment occurring after 60 to 90 
minutes with a relatively longer half time, 
i.e. 113 and 67 minutes for normal and dener- 
vated muscles, as reported. 
The fast component has been taken to represent the Cat® coming from 
the extracellular space, while the slow component to be that of The 


Cat® from within the intracellular space, from which the uptake and 
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release of Cat® has been shown by Bianchi and Shanes (1960) to have 
the same kinetics. Similarly, lsaacson and Sandow (1967) found that 
their results could be described by a two component system. However, 
Gilbert and Fenn (1957), and recently Langer (1964) have used more 
than two compartments in describing their efflux curves of Ca't5 

from frog sartorius and dog heart muscle, respectively. As well, 
recent studies of calcium fluxes in single muscle fibers (Curtis, 
1970) have demonstrated in frog semitendinosus muscle there to be 
three calcium compartments, each with different Cat? efflux time 
constants. The first, having a very small time constant, has been 
attributed to the surface adsorbed Cat, and the CaS from the 
extracellular space (T-tubule space within the fibers). The second 
intermediate compartment has been attributed by Curtis to the 
membrane-bound Ca'® on Sarcoplasmic reticulum, while the third, 
having the longest time constant, to the very poorly exchangeable 
Cat which probably is bound within the many intracellular stores. 
Moreover, Niedergerke (1963), in cardiac muscle, has shown the calcium 
extracellular space to be larger than that of sulfate of Inulin, 
suggesting that calcium may be bound either on the fiber surface or on 
saints other accessible region within the extracellular space. 

Hence, it could be conceivable that this bound calcium could elute 
with a different time constant than the calcium within the extra- 
cellular fluid. The slow component of the Ca*® efflux curves of 
Shanes and Bianchi neither showed three compartments, as had been 
found by Curtis (1970), nor did it exclude the possibility of bound 


Cat® eluting from the extracellular compartments at a slow rate. 
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Since the technique of Shanes and Bianchi was used, the slow 
compartment of our efflux curve does not exclude the possibility that 
some of the calcium was eluted from the extracellular compartment. 
However, because the difference in the half time of Ca'® efflux from 
the fast and slow components was fourteen- and seven-fold in normal 
and denervated muscles, a two-component analysis might not result in 
Too. MUCH an-error in the intracelltlar CA estimation. Furthermore, 
assuming that the extracellular compartment would be equilibrated 
with the external bathing medium during 2 hours loading then after 1 
hour washing it would be expected that 0.7 to 1.5% of the initial 
extracellular calcium would remain, the rest being washed out as 
six half times are gone during washing. Moreover, as the half times 
were measured from regression lines obtained from points after 90 
minutes washing, the possibility of error caused by Ca? remaining 
in the extracellular compartment would be reduced. 

As mentioned, this technique using whole muscle could not 
be used for the further analysis of different calcium compartment 
sizes within the slow component, nor for the rate at which calcium 
entered and left these compartments. For this, a Single fiber study 
would be more useful. However, for the calcium flux measurements 
here, where the interest was in the total intracellular uptake and 
the rates at which it moved in and out from the cell, this technique 
was suitable. Similarly, for the determination of the ‘total! extra- 
Selhlete space for different durations of denervation, a whole muscle 


was more suitable. 


Although in most of the experiments diaphragms denervated 
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for 19 to 38 days were used, during the course of experimentation 
it was observed that the Ca fluxes also depended upon the number of 
denervation days. Thus, to study this effect, denervated muscle 
preparations were catalogued into four groups based upon the observed 
condition of the diaphragm after denervation. Initially following 
denervation, rat diaphragm shows a temporary hypertrophy with an 
increase in both wet and dry weight (Martin & Sola, 1948; Sola & 
Martin, 1955; Thomson, 1955), the maximum being reached within 6 to 
8 days. These hypertrophied muscles formed the first group. 
Another grouping consisted of 14 to 20 days denervated muscles in 
which the weight decreases to almost that of normal. However, 
because the transitional changes in weight from that of hypertrophy 
to normal to atrophy were difficult to define, this group was studied 
only in one series of efflux experiments. The next group consisted 
of muscles denervated longer than 3 weeks in which atrophy occurred 
with a decrease in weight. Finally, within the last group were 
those muscles of long term denervation, which undergo marked atrophy 
to about half the weight of normal. Because Thomson (1955) has shown 
that prolongation of denervation beyond 42 days results in loss in 
wet and dry weight of the right normal hemidiaphragm, for each set 
of experiments the denervated muscles were compared with the 
corresponding normal side. 

From the data on resting calcium fluxes, two important 
conclusions were made. First, both the rates of calcium efflux and 
influx were increased in denervated muscle. Second, these rates 


were dependent upon the number of denervation days, gradually in- 
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creasing with prolongation of the denervation period, from 7 to 61 
days, and approaching a maximum beyond two months of denervation. 
How long these fluxes would continue increasing with prolonged 
denervation is difficult to state since no preparations were studied 
beyond 62 days denervation. The data on calcium influx showed that 
the total exchangeable calcium was more in denervated muscle, while 
the data from the efflux experiments showed that in 2 hours aterm 
uptake by denervated muscles was greater when the muscle was dener- 
vated for 40 to 61 days, as compared to 7 to 8 days. Because 
Bianchi and Shanes (1960) have shown that the kinetics of calcium 
uptake and release were about the same in passive conditions, this 
increased uptake of calcium in 40 to 61 days denervated muscles 
would be expected on the basis of the faster rates of calcium 

fluxes in these muscles. To estimate the total exchangeable intra- 
fiber calcium, the amounts of calcium heey up by normal and these 
two groups of denervated muscles are calculated for infinite loading 
time (with the time constants derived from the efflux curves of 


each group, see Table I1) using the equation: 


“t/t .c.y 


VAC Dares Vth AC. a xe) 
where y(t) = amount of intracellular calcium after + minutes of 
loading 
y(@) = amount of intracellular calcium after infinite loading 
e = exponential 


+ =" loading time tn minutes 


mat aoai¥ane 


at 


Praheiena’ ay aor 
ine Vie oe ° 


— Rattiete Wade aot ‘aac se ani tet eh r 


q va me cy ors 
i ; \ hy 7 ee : ; 
tay Hewora SY ! vn 1 ~~ (hap a rte v vty af a Ta fs a a bw 


as Sas aA 
dite (s)aeu0 ae v iw rape th eta enw ntatede aay! Hea le ot GAT! %. 
= by sm! : : . 
' ; > hi > ae 
HSS awa ot tat Bawerle oe! ge PMD: ot mor stale ne : 
q _ ‘ i vt a : dahon 
Ayaan 2) ol seun eo? mmhW WAlie't> maw bea batnvnet ¥ 


| she 


miales Te ey Pen. ny tel 7 ruler wwut (gear Eaeaay Wald ons6 ional aa 


diene i epi & et Y at tercan, a ayes 7 ot bb oF 


whit atte PT Tene: av ie aig 9s fie ehh junit raw seaglar baa siete 
. ve 
gelizem Nonreany es ; yb [A oF i | a? «pion be aaelqu sensi m" 7 


= -, 7 ot (> ae 

mel eg Th eH Tete nen Fo been OFF bid be onde at. bluow 
| a ae 

~<a) ¢ (dhenrtice ret aH? wbhanite@u OF ealoau nportt “| BORK 


: 


aa) — 
ent bic” Tawi AS revi “agi olen ya atensome of instants S0dthe 


bai od Miata Tai) ‘getetlrris aye Su lo@uir OTe tos 10 sven pt 
in Pave ail 8 erik mer? trevy, |>p eit greene Sit ont ans cat 


‘Hota av palew (11 wheat ada caustg #9 ee - 
¢ 4 + 7 7 as ; 


i 


praliine fiibe ae bas 


ho aetuntnn We Tarts at avian ve Pe) Chaney ate He Wee *) 


i? 


ee oda nines vl: 
_— y) Ut ae a es 4 — 7 


(Pes 


t.c. = time constant for the rate of influx in minutes (it 
was assumed that the rates of influx and efflux were 
the same in resting muscle) 

By this, the calculated amounts of intracellular calcium 
uptake at infinite loading are: 

(1) normal muscles, 0.772 + 0.036 umole/g 

(2) 7 to 8 days denervated muscles, 1.359 + 0.106 umole/g 

(3) 40 to 61 days denervated muscles, 1.038 + 0.062 umole/g 

To explain the first value, if a normal muscle is placed in 
a solution of 1 umole/ml Ca, then after equilibrium has been reached, 
the amount of exchangeable calcium in the muscle/g would be less 
than that amount/ml which is equilibrated in the fluid volume of the 
muscle. In other words, assuming that 75 to 80% of muscle is water, 
then the maximum amount of exchangeable calcium in the muscle/g at 
equilibrium would be between 0.75 to 0.8 umole/g. Within this range 
is the calculated amount of exchangeable calcium in the intracellular 
compartment of normal muscle. Continuing with the above calculations, 
in the 7 to 8 days denervated muscles, although the fluxes are slower 
than those of 40 to 61 days denervation, it is apparent that the 
exchangeable calcium intracellular compartment size has increased in 
comparison to that of the 40 to 61 days denervated muscles in which 
jt has decreased. It is to be noted that these experiments do not 
quantitatively measure the non-exchangeable calcium fraction in any 
of these muscle preparations. 

Recently, Lahrtz and LUI |Imann (1967) measured the total 


calcium content and Cat? efflux from normal and 8 to 10 days chronically 
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denervated rat diaphragm. They observed no significant difference in 
the total calcium content nor in the rates of efflux between normal 
and denervated muscle, i.e. for a 1.8 mM calcium solution, the total 
calcium content was 2.61 ymole/g and 2.8 umole/g in normal and dener- 
vated muscle, respectively. However, the total calcium content of 

a muscle has been shown to depend upon the external calcium concen- 
tration of the bathing medium (Gilbert & Fenn, 1957; Bianchi, 1968), 
and since in these experiments a 1 mM solution was used, and no 
attempt made to estimate the total calcium content of the preparations, 
it was not possible to compare data with that of Lahrtz and Lu! Imann. 
Whereas they found no difference in the half times of Cat® efflux from 
normal and 8 to 10 days denervated muscle (i.e. 70 minutes for both), 
our experiments showed that the half time for Ca*® efflux was not 

only shorter inadeneryared muscle, bua also dependéen? on the number 

of denervation days. A possible reason for the discrepancy of 

results could be the difference in techniques, as here the remaining 
Ca*® in a central piece of muscle was measured, not the effluent. 

The difficulties involved in measuring directly the Cat efflux 

was being discussed in the results. 

However, ISaacson and Sandow (1967), using 1 mM calcium 
bathing solution, estimated the total calcium content of normal rat 
EDL muscles to be 1.78 umole/g. Assuming this value to be the same 
for normal rat diaphragm, then our value of the exchangeable calcium 
in normal muscles (0.77 umole/g) would indicate that 44% of the total 
calcium of the whole muscle was exchangeable, approximating Isaacson 


and Sandow's value of 50% for EDL muscle, and Curtis! (1966) value of 
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47% for single frog muscle fibers. Furthermore, the value of exchangeable 
calcium in whole muscle (0.77 umole/g) obtained here was in close esti- 
mation to the values of Gilbert and Fenn (1957), Shanes and Bianchi (1959) 
and Curtis (1970) as quoted in a table by Curtis (1970). 

The exchangeable calcium in whole muscle discussed so far rep- 
resented the slow component of the efflux curves. This large amount of 
calcium would be expected to be in some form of bound complex since 
free jonic calcium at rest in concentrations greater than Kes mM, would 
cause a contracture in the muscle (Bianchi, 1968). Supporting this, the 
recent autoradiographic localization experiments of Winegrad (1968, 1970) 
show this fraction of bound calcium to be present in the sarcoplasmic feel 
culum (including the terminal cisternae, the intermediate cisternae and 
the longitudinal tubules) which has a volume of 13% of esac ay muscle 
(Peachy, 1965). Calcium in the sarcoplasmic reticulum may also exist in 
free, fonized form but it must be very low. Thus the intracellular cal- 
cium would be expected to be bound or sequestered in the sarcoplasmic 
reticulum. Since the time Porter and Palade (1957) eee apedatte fine 
structure of the sarcoplasmic reticulum, and the local activation experi- 
ments of Huxley and Taylor (1958), if has been suggested that the triads of 
sarcoplasmic reticulum are involved in the coupling of surface exci- 
tation to contraction within striated muscle. The development of this 
Anornes (ts has been reviewed several times in the recent years 
(Huxley, 1959; Huxley & Peachey, 1964; Huxley, 1964; Porter, 1961; 
Peachey, 1965; Franzini-Armstrong & Porter, 1964), It is generally 
believed that the T-tubules are electrically coupled to the terminal 
cisternae, and that the depolarization of the fiber surface spreads 
inwards along the T-tubules to the terminal cisternae, causing the 


release of calcium. Furthermore, recent studies of Winegrad (1968, 
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1970) have demonstrated that the resting exchange of calcium occurs 
primarily between the terminal cisternae and the T-tubules, 80% of 
the surface of which has been shown by Peachey (1965) to be covered 
by the flattened surfaces of the terminal cisternae. Winegrad also 
studied the movement of calcium during tetanus, namely its release 
from the sarcoplasmic reticulum and its association with the contrac- 
tile proteins. Thus we could assume that although in the normal 
muscle preparations most of the intracellular calcium would be present 
in the bound form within the sarcoplasmic reticulum, it could never- 
theless be slowly exchanged to the extent of 44%. Similarly, from 
the results using different durations of denervation, we would 

again assume that the increased amount of exchangeable calcium was 
stored within the sarcoplasmic reticulum of these muscles. IT is 

to be noted again that evidence is lacking to show whether the 

total Ca content of the whole denervated muscle was increased. IT 
could only be stated that the exchangeable fraction was increased and 
that the latter may also be increased. 

The question arises what could be the possible causes for 
an increased exchangeable Ca fraction in denervated muscles. Two 
apparently conflicting suggestions have been made: 

(1) Pellegrine and Franzini-Armstrong (1903) have “shown 
that in rat soleus and gastrocnemius muscle following 
denervation, the myofibrillar elements disappear 
faster than the reticular elements, thus increasing 
the amount of sarcoplasmic reticulum relative to the 


amount of contractile material. They also ‘reported 
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that the first change observed in the sarcoplasmic 
reticulum is a process of fragmentation into iso- 
lated vesicles by which the longitudinal elements 
lose their continuity over the sarcomere length. 
This has been confirmed by Schrodt et'al. (1965) 
who observed lamellar arrays of membrane enclosed 
cisternae, suggesting that they could be derived 
TEOMm WMe velementsSmotesatcop lL asmiceme mcul Umea | 
is possible that these morphological changes in the 
Sarcoplasmic reticulumes) cucrure Could y account .or 
Ine vdl wRehencesml he Gel eluin accumu! anil MGeacigi wally 
of the denervated muscles. 

(2) Recently, on the other hand, Howell and Fairhurst 
(1966)> “using elycerol exiracied Isolated sarco—— 
plasmic reticulum from rat diaphragm and gastroc- 
nemius muscles, showed that the calcium accumulating 
capability of the sarcoplasmic reticulum Increased as 
a result of denervation, suggesting that denervation 
by itself could result in other changes in the muscle 
besides altering the ratio of the amount of sarco- 
plasmic reticulum and the contractile elements. 

In this regard, one cannot rule out the possibility 

that alrerartons inthe Kinetic characienishics of 

the calcium pump may occur as a result of denervation. 
Since the characteristics of the cell membrane change after dener- 
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Hubbard, 1962, 1963), it would not be surprising if the properties 
of the intracellular membranes were also changed. The fact that 
caffeine is more effective in releasing calcium from the sarco- 
plasmic reticulum in denervated muscles as compared to the normal 
(Gutmann & Sandow, 1965) also suggested that biochemical as well as 
morphological changes could take place. This may again account for 
the differences in the Ca accumulating activity of the denervated 
muscles, 

With regard to the first possibility mentioned, the results 
obtained from 7 to 8 days denervated muscles are difficult to inter- 
pret in view of the hypertrophy which is reported to occur jin these 
muscles (Sola & Martin, 1953; Thomson, 1955). The increase in weight 
in denervated diaphragm is @ccompanied by an increase in The fiber's 
cross~sectional area and the number of myofibrils in them (Miledi & 
Slater, 1969). Stewart (1955) also has reported hypertrophy to be 
accompan|ed by an increase in the amounts of sarcolemmal and contractile 
proteins, being greater in the former (36%) than in the latter (27%). 
Whether or this increase in the sarcoplasmic to contractile 
proteins ratio reflects a greater hypertrophy of the sarcoplasmic 
reticulum has not yet been shown by electronmicroscope investigations. 
Our results show the largest exchangeable calcium fraction to be in 
7 to 8 days denervated muscles which could thus be due to either 
such a hypertrophy of the sarcoplasmic reticulum or its altered 


pumping properties. 
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4. Influx Experiments: 

The influx data showed that the rates of influx were faster 
in denervated muscle as compared to normal. I+ was also observed that 
the rates of influx depended on the number of denervation days. This 
data was presented in terms of pymole/g/sec, which does not consider 
the fiber surface area. Since the movement of fons occurs through 
the cell surface membrane, a change in the cell surface area would 
largely alter the movement of ions per unit area of the membrane, 
although the weight/volume ratio would remain constant. If, in 
addition, the surface area of the T-tubules, calculated to be seven 
times the cell surface area (Peachey, 1965; Bianchi, 1968) is considered 
then the surface area available for diffusion would be tremendous. 
The muscles investigated here were used after various periods of 
deénervarion,, where whey are meporred o.be citer stim exireme hyper— 
LEOpNi cs OF atrophic conditions 9) huss ja. became necessary siowpresent 
The resu) iS pingienms:of Jinx persunitasuniace anea aorsee lit ihe 
faster rates of Influx in these muscles, were: due dovanvincreased or 
decreased cell surface area, or an effect of denervation itself. 

Bianchi, and Shanes (1959)shave scal culated 7he otterssurface 
membrane area to be 300 cm2/gm, taking the average fiber diameter 
TO be 100 wa inyg frogs sartorliusemuscies, | eihemribers)consiiwiera 
fraction of the total muscle as given by the ratio (total water - 
extracellular water)/(total water), which is approximately equal to 
G.8 (Bianchi, 1968). Thus, if it was assumed that The volume of the 
fibers present in 1 gram of muscle was equal to 0.8 cm?, then the 


length of the fibers the surface area could be calculated using 
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the equation: 
Surface Atea = 2rrl 


where length, L = volume/tr2. Hence, knowing the fiber diameter, the sur- 
face area could be calculated. Since the fiber diameters were not measured 
in rat diaphragms during these experiments, for the purpose of the above 
calculations, these were derived from the work of Zolovick et al. (1970) 
and Miledi and Slater (1969). The average fiber diameter taken from 
Zolovick's work was 40 um for normal muscles, the calculated fiber sur- 
face area being 800 cm2/gm, and the average rate of influx at rest cal- 
culated to be 0.075 uumole/cm2/sec. The average fiber diameter calculated 
from the work of Miledi and Slater (1969) for normal, 9 days denervated 
and 46 days denervated muscles were 15 um, 21.4 um and 18.2 um, respect- 
ively; the calculated fibers! surface areas were 2133 cm2/gm, 1495 cm2/gm 
and 1/758 cm2/gm, respectively, and the average rates of influx were cal- 
culated to be 0.028 uumole/cm2/sec, 0.055 wumole/cm2/sec and 0.112 pumole/ 
cm2/sec. The value thus calculated for normal rat diaphragm (0.028 un 
mole/cm2/sec) is about 34 times smaller than that reported by Bianchi and 
Shanes (1959) for whole frog muscle (0.094 pymole/cm2/sec) and about 10 
times smaller than that reported by Curtis (1966) for frog single twitch 
muscle fibers (0.26 uwumole/cm2/sec). Despite these calculations being 
based on many assumptions, they, nevertheless, indicate that the calcium 
influx per unit area of the fiber increased with the prolongation of the 


denervation period. 


5. sblectrical Propemiges 
From the data on action potential recording at 35°C, two 
important differences between normal and denervated muscle were noted. 


First, the resting membrane potential in denervated muscle as compared 
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To normal, decreased on the average by 11 mV. Second, the duration 
of the action potential in denervated muscle increased to about twice 
that in normal muscle. 

Concerning the first observation, the question arose as to 
the possible cause for the decreased potential. I+ is known that 
biological membranes are semipermeable, the permeability depending 
to different extents on the nature of the ions present on both sides. 
Hence Goldman (1943) showed, with the assumption that the electric 
field inside a cell was constant, that the membrane potential was 
represented by the log of a sum of products at permeabilities and 
concentrations, or in mathematical terms: 

ae, Srl Nine ie ee WOR 


Mar oeSer Ss log, ae 
Py [kK], at: Pia [Na], + Poy [Cl], 


where M.P. = Transmembrane potential 
R = Universal. gas constant 
T = Absolute temperature 
F = the Faraday (number of coulombs per mole of charge) 
e = Base of natural logarithms = 2.718 


P = Permeabilities of K, Na and Cl 


Pk? Fa? Pc 

The same equation was derived by Hodgkin and Katz (1949) 
under more general assumptions. According to this equation, there 
Ae che leasternresnd| (ferential Ons, unc. K’, te and Cl. which can 
appreciably cause a change in membrane potential, as was observed 


in denervated muscle, if the membrane permeabilities were altered. 


Using the denervated frog sartorius muscle, Nicholls (1956) showed 
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an increase in the membrane resistance, while Harris and Nicholls (1956) 
found the membrane permeability to K" to be decreased in these prepar- 
ations. In addition, Klaus, LuIImann and Muscholl (1960) have shown 

by radiotracer techniques, that in denervated rat diaphragm, potassium 
fluxes were reduced to £ to 2/3 of the normal value. Furthermore, 
Thesleff (1963) also observed an increased membrane resistance in 
denervated rat diaphragm, suggesting this to be due to decreased 
potassium conductance. LUIImann (1958) have also observed a net loss 
of potassium from 18 days denervated rat diaphragms, as well as a 
Cheanel, Foss OF Kr compared to normals when placed in normal saline. 
Thus, in the light of the above studies, it may be assumed that a 
decreased membrane permeability to KT could cause a decreased membrane 
potential in denervated rat diaphragm. According to the Goldman 
equation, a reduction in the K’ conductance would enhance the influence 
of Na* and Cl on the resting membrane potential and cause depolar- 
ization. In accord with this, Drahota and Gutmann (1963) have shown 
that denervated EDL muscles could not maintain normal internal Na’ 

and ay and that they accumulated Na’. Recently, Hofmann and De Nardo 
(1968) reported that the accumulation of Na” in the intercostal muscle 
fibers of myotonic dystrophy patients appeared due to an increase in 
Na” conductance of the muscle fiber membrane. Furthermore, Dockry eT! 
al. (1966) reported the promotion of Na’ excretion and K* uptake in 

rat muscles with an intact nerve supply. Hence it could be assumed 
that in denervated muscle an increased permeability ap aie memb rane 

to Na" or a malfunctioning of the Na® pump would cause an intracellular 


+ : , 
accumulation of Na and so decrease the membrane potential. Concerning 
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the effect of Cl on resting membrane potential, Hubbard (1962, 1963) 
measured the Cl conductance in denervated frog sartorius muscle, and 
found it remained unchanged after denervation. Hodgkin and Horowicz 
(1959) have shown in frog skeletal! muscle that variation in Foy would not 
have a long term effect on the membrane potential if the chloride jon is 
distributed in equilibrium. If the same was assumed true for denervated 
skeletal muscle, then Cl jons would not be involved in decreasing the 
resting membrane potential. 

The Goldman equation does not consider calcium because of 
the small amount of current carried by this ion. However, in denervated 
muscle, where KT permeability has been shown to be decreased and calcium 
fluxes increased, perhaps via both the external and internal membranes, 
the permeability of calcium would be expected to be increased. Therefore, 
it could be stated that in denervated muscle where the KT permeability 
has been shown to be decreased and the calcium fluxes to be increased, 
inanh calcium fons eae play a small role in conjunction with other ions, 
to create a decrease in resting membrane potential. 

From this, another question E apse ico are the increases 
in Cate fluxes the cause of a low membrane potential or the result 
of a decrease in membrane potential. The first part, discussed above, 
is very difficult to answer from our experiments, although it is well 
known that adsorption of Ca’* can influence the membrane permeability 
+o other fons (Frankenhaeuser & Hodgkin, 1957). Concerning the second 
part, in general the reduction of the resting membrane potential 
Causes an Increase in calcium influx and efflux even in normal muscle 
(Bianchi & Shanes, 1959; Bianchi, 1960). The event normally leading 
to contraction in the muscle is the depolarization of the resting 


membrane potential (Kuffler, 1946; Sten-Knudsen, 1954; Sandow, 1955; 
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Sandow et al., 1965). Once the membrane potential is depolarized 

to threshold level, the tension versus membrane potential curve 
follows an S-shaped process (Hodgkin & Horowicz, 1960). The same 

_ general shape of curve has been observed when calcium influx in frog 
sartorius muscle is measured at various KT concentrations (Weiss & 
Bianchi, 1965). Similarly, acetylcholine contractures during pot- 
assium depolarization have been shown to cause an increased calcium 
uptake by denervated rat diaphragm as compared to depolarized muscles 
not treated with acetylcholine (Jenkinson & Nicholls, 1961). Besides, 
isolated sarcoplasmic soreculag from denervated muscle has been 

shown to be capable of accumulating 23 to 3 times more calcium 

(Howell et al., 1966; Brody, 1966), however, here no membrane potential 
or barrier was involved. It is therefore suggested that besides 
decreased membrane potential, some other post-denervation changes 

in the membrane properties appear to be responsible for the increased 
Calcium fluxes) This point may perhaps be charitied by a study of 
calcium fluxes from normal and denervated muscle under conditions 

in which the membrane potential could be decreased or increased by 
about 10 to 15 mV. 

Following denervation, the duration of action potential in 
rat diaphragm was observed to be increased from 1.3 mS to 2.1 mS. 
Since the action potential could be roughly divided into a rising 
and a falling phase, a prolongation of one of these two phases, or 
both would prolong the duration of action potentials. Katz (1947) 
and Hodgkin and Katz (1949) showed the rate of rise and peak amplitude 


of the action potential to be related to the external sodium concen- 
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tration. Recently, Albuquerque and Thesleff (1968), and Redfern and 
Thesleff (1971) have shown that after denervation, the rate of rise 
of the action potential decreased by 40% and 50% in EDL and soleus 
muscles of rats. 

Moreover, Redfern and Thesleff (1970) showed that when the 
sodium concentration of the bathing fluid was reduced from 145 mM 
to 45 mM in the presence of tetrodotoxin, the rate of rise of the 
action potential in denervated muscle was reduced by one third, with 
a further reduction of external sodium concentration to 17 mM almost 
abolishing the spike generation. Although the duration of rising 
phase of the action potential in our experiments was not measured, 
if the same was true for rat diaphragm as in rat EDL muscle, then a 
small increase in the duration of action potential could also be 
caused by a decreased rate of the rising phase. However, the most 
obvious change in the_action potential after denervation noted in our 
records was the prolongation or the repolarization phase, this most 
probably being the major factor for the increase in the duration of 
action potential. From the studies of Katz (1947) and Hodgkin and 
Katz (1949) on action potentials, it has become obvious that a sudden 
decrease in sodium conductivity and reciprocal increase in the potassium 
conductance results in an increased KT efflux and decreased Nan fat Vx 
causing repolarization. There has been ample evidence to show that 
after denervation, the membrane resistance increases and the potassium 
permeability decreases (Nicholls, 1956; Harriss Nicholls, 1956: 
Littimann, (958; Klaus et al., 960; Theslett, 1965)" Ihis would suggest 


that potassium efflux, although momentarily increased 
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during the repolarization phase, may be less than that in normal 
muscle, therefore taking a longer time to repolarize the membrane 
despite the already low membrane potential. Furthermore, there has 
been some evidence that Na® conductance is increased in myotonic 
Gyveiropnic muscles (Hofmann eh al., 1908)., lf thistwassalse true 

for denervated muscle, then at the peak of depolarization, Na’ con- 
ductivity would be higher in denervated than in normal muscle, further 
accounting for a longer duration of the repolarization phase. 

Shanes (1958) has further suggested that the influx of Na’ and the 
Ciel UX Of KT could interact when the two became of the same order 

Om macnitude, such. Interact !on occurring wt Na” and Ke moved through 
the same membrane pores but in opposite directions (Hodgkin & Keynes, 
1955). Therefore, an increased conductivity of Na* in denervated 
muscle at the peak of depolarization, could interact with the out- 
coming K’, further increasing the repolari zing phase of action 
potential. 

Reduction of the temperature to 25°C caused two important 
changes in normal muscle. One, a reduction in the membrane potential 
by 8 mV, two, an increase in duration of the action potential by 
twice its value at 35°C. However, in denervated muscle, the reduction 
in temperature did not appear to effect either the membrane potential 
or the duration of the action ootential. Thus, the difference between 
normal and denervated muscle at 25°C became very small. 

According to the Nernst equation, the potential across 
semipermeable membranes is a positive linear function of absolute 


temperature. In this regard, Ling and Woodbury (1949), Jenerick and 
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Gerard (1953) were successful in applying this equation to muscle 
membranes; however, Hodgkin and Katz (1949) were unable to demon- 
strate a similar relationship for nerve axons. On the other hand, 
Goldman (1943) has theoretically indicated that temperature could 
alter the permeability of cell membranes to Ki Na’ and aClbiaions, 
making the potential a complex function of temperature. However, 
neither the Nernst nor Goldman equation has been completely able to 
account for all the experimental data. For example, a great reduction 
(Tobias, 1950) or an increase (Grundfest et al., 1954; Folk & Gerard, 
1954) in the intracellular KT concentration has been shown not to 
alter membrane potential to the extent predicted by these equations. 
Therefore, it has been suggested (Apter, 1960) that the concentration 
of calcium in or at the cell surface controls the membrane potential. 
Hick, sADiehesSugGeSsTed Mitate| MeLerneciSe0 hwOlneChe|OnSeandsnemockarUGe 
on membrane potential were produced by changes in the concentration 

of membrane calcium. 

It has not been possible here to comment on the validity of 
the Nernst or Goldman equations in describing the effect of temper- 
ature on fonic fluxes as such a study was not done. Nevertheless, 
at least two possible explanations can be proposed for the decreased 
membrane potential in normal muscle for a reduction in temperature 
from 35°C to 25°C. At low temperatures, the fionic fluxes would be 
expected to be decreased as those of calcium in our experiments. 

A relatively greater decrease in permeability to KT than 
Na’ would then account for our results. 


The second possibility would be the slowing of enzyme 
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systems. To maintain the resting membrane potential constant, say 
at -85 mV inside, a sodium pump is required, which uses energy from 
ATP breakdown. Because most chemical reactions are slowed at low 
temperatures, a slower breakdown of ATP would therefore reduce the 
functioning of the sodium pump, with a resultant accumulation of 
Na” within the cell from the continual passive leakage from its 
high extracellular concentration, plus a loss of Kon This would 
cause the membrane potential to be decreased. The same mechanism 
has been proposed by Harris (1940) for red blood cells, in which 
storage at low temperatures reduces the membrane potential as a 
Rest OTOILOSS Of Kt and accumulation of Na’. The same may also be 
true for normal rat diaphragm at 25°C. However, further study 
of different fonic fluxes at 25°C in rat diaphragm would be required 
to clearly understand the causes of decreased membrane potential. 
The prolongation of action potentials at 25°C in normal 
muscles presumably results from decreases in permeability to potassium 
and sodium ions. The reasons for these differences between normal] 


and denervated muscle are unclear. 


6, Glycerol Treated Muscles: 

Since most of the work using 400 mM glycerol to disrupt 
T-tubules has been done on frog muscle (Eisenberg & Gage, 1967, 1969; 
Gage & Eisenberg, 1969; Henderson, 1970; Howell, 1969; Fujino et al., 
1961, 1962; Sakai et al., 1970), very little has been known in using 
it for mammalian skeletal muscle (Niemeyer & Forssmann, 1970). We 


have tried this technique, finding that it works in rat diaphragm 
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in the sense that twitch almost completely disappeared while the 
action potential could be recorded from almost all the surface fibers. 
However, the condition of the deeper fibers was not known as no action 
potentials were recorded from them. The only difference between frog 
and rat muscle noted here was that the duration of glycerol treatment 
for rat muscle also depended upon the temperature. 

Upon exposing a muscle to a hypertonic medium, the twitch 
tension immediately decreased, this being believed to be caused by a 
rapid outward movement of water from the muscle, thereby causing an 
increased jonic strength inside the cells (Hodgkin & Horowicz, 1957; 
Gordon & Godt, 1970). A similar effect was seen in rat diaphragm 
when it was exposed to 400 mM hypertonic glycerol-Krebs, but, unlike 
frog skeletal muscle (Fujino et al., 1961, 1962; Howell, 1969), 
there did not appear to be any recovery of twitch tension in either 
normal or denervated muscle at 35°C. In both, the twitch tension 
remained decreased after the initial sharp decline. The membrane 
potential was not effected by the glycerol treatment, but the 
negative after potential in most of the action potential recording 
was absent. The other differences between normal and denervated 
muscle remained unchanged. 

The disappearance of negative after potential observed in 
rat diaphragm after glycerol treatment, has also been reported pre- 
viously for frog sartorius muscle by Gage and Eisenberg (1967, 1960). 
They believed that the early after potential had a reversal potential 
within a few millivolts of the resting membrane potential. Moreover, 


because its time course was very small, the early after potential 
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was almost absent in glycerol treated muscles. Nevertheless, their 
polarization experiments showed the negative after potential still 
to be present in glycerol treated muscles. Henderson (1970), also 
reported similar results, showing the muscles to regain a negative 
after potential. However, in our experiments, a decrease in the 
membrane potential in either normal or denervated muscle after gly- 
cerol treatment was not observed, while the negative after potential, 
in almost all the recorded action potentials was noted to be either 
absent or greatly diminished. In a few cases, a positive after 
potential, particularly in the denervated muscles, was noted. 
However, polarization experiments would be required to determine 
me equilibrium potential, as well as the Time course of the arter 
DOfeM tials wl hes) | prese nig. 

The most striking effect observed in the glycerol treated 
preparations, was the increased calcium uptake. After treatment, 
this increase was, on the average, nine-fold in normal and three- 
fold in denervated muscle during the first 5 minutes, with the calcium 
uptake becoming equal in both normal and denervated muscles within 
(5 minutes, these results are quite puzzling in view of The results 
obtained from non-glycerol treated muscles where denervated muscles 
always took up more calcium at a faster rate as compared to the normal 
muscles. If it fs assumed that the glycerol treatment does something 
to these muscles, then perhaps a few speculations can be made to 
explain these results. If the T-tubules were disrupted after gly- 
cerol treatment, then most of the calcium fluxes would be expected to 


be blocked. From our experiments there was neither direct evidence 
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to show that the T-tubules were broken, except that the twitch 
irreversibly disappeared while normal action potentials were re- 
cordable from the surface fibers, nor could a block be shown in 

the calcium influx. Instead, what was observed was a large calcium 
uptake by both normal and denervated river 1 after glycerol treatment 
possibly due to some kind of damage to the muscle by glycerol, for 
which there was no evidence. However, the thing to note was the 
faster uptake of calcium by the normal muscle. If it was assumed 
that glycerol treatment disrupted the T-tubules as in frog muscles, 
and that the damage done by glycerol to both normal and denervated 
muscle was comparable, then it could be concluded that after glycerol 
treatment more calcium moves through the surface membrane in normal 
muscle, and less in denervated muscle (Fig. 21). If the same 
conclusion is applicable for the non-glycerol treated muscles, then 
it must be assumed that more calcium fluxes occur through the T- 


tubules in denervated muscle and less in normal muscle. 


7. "ettect of Caffeine: 

The experiments “at 15°C on the seffects of caffeine on rar 
diaphragm showed that the normal muscles developed greated con- 
+racture tension than the denervated ones, and that this tension 
was sustained as long as they were exposed to caffeine (60 minutes). 
The normal muscle, which developed greater tension, showed a parallel 
increase In the calcium efflux. Similarly, the denervated muscle, 
which showed a small contracture tension, also showed a smaller 
difference between the resting calcium efflux and the efflux during 


contracture. 
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G. mEttect of Electricals Stimulant ion: 

Electrical stimulation was seen to increase the calcium 
influx in both normal and denervated muscle. Normal muscles pro- 
duced greater tension than denervated muscle. Likewise, the differ- 
ence between the calcium influx during rest and during stimulation 
was more in normal muscle. Although this indicated that the in- 
crease in calcium fluxes in rat diaphragm were associated with an 
increase in the development of tension, a possibility of error 
cannot be neglected in these experiments. The muscles were loaded 
here for a very short time, i.e. 10 minutes only, which is the half 
time of efflux of Ca*® from the fast or extracellular compartment 
of these muscles. This would mean that the extracellular compart- 
menimotrarhese muscles is not saturated during lCimimmutes loading 
and possibly all the fibers are not exposed to the radioactive 
Cat>. In such a situation, a little contraction might have acted 
as a pumping source to fill the intracellular space quickly and 
exposing more fibers to the radioactive solution. This would 
mean that the increased Ca uptake during stimulation might have 
been due to the exposure of more fibers to the radioactive solution 
instead of the Ca entry into the cells as a result of membrane 
depolarization during action potential. Although the muscles used 
were very thin and the tension was recorded isometrically, this 


possibility of error still remains. 


9. Correlation with Mechanical Properties: 


The primary purpose of this project was to study the effect 
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of denervation on passive calcium fluxes and on some related electrical 
properties in muscle membrane, although in two sets of experiments, the 
effect of stimulation and 20 mM caffeine was also studied in conjunction 
with the related calcium fluxes. During the course of experimentation 
no attempt was made at correlating calcium fluxes with the observed 
electrical property changes or with the change in mechanical pro- 
perties previously described in denervated muscle (Padsha, 1968; 

Padsha & Winchester, 1968). Hence, within the following discussion, 
the possible relationships between these passive calcium flux studies 
and some of the mechanical property changes in denervated muscle will 
be discussed in terms of excitation-contraction coupling, the role 

of electrical property changes, and possibly pathways of calcium 
movement. 

From the data presented, it was shown that calcium fluxes 
were greatly increased as a result of denervation, suggesting some 
resultant alternation in muscle membrane with an increase in its 
Detmeal Iihy to calchuma hon ails, “there could be at vlleasi inne 
possible mechanisms: 

(1) thar a decreased Ke permeability, as shown by 

others, greatly increases Pas? driving calcium 
into the cell. 

(CZ) ee tian) inGroased Na’ permeability secondary to 
denervation may result in intracellular Na* 
accumulation, with a correspondingly smaller 
increase in Nan pump activity, leading, if a 


ses ae 
reciprocal association between Ca influx and 
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Na® efflux exists, to increased calcium fluxes; 
(3) that a greatly increased calcium pump activity 

in the sarcoplasmic reticulum would not only 

increase Ca” fluxes but also accumulate more 

cre within the sarcoplasmic reticulum. 
The results also showed that the calculated amounts of intracellular 
calcium increased in denervated muscle, suggested the existence of 
some bound complex form of calcium. Supporting this, evidence from 
electronmicroscope studies has demonstrated in denervated muscle 
during atrophy, a relatively large sarcoplasmic reticulum (Pellegrino 
& Franzini-Armstrong, 1963) and membrane enclosed cisternae (Schrodt 
et al., 1965), possibly accounting for a large sarcoplasmic reti- 
culum storage capacity for calcium as per gram of muscle. Further- 
more, Winegrad (1968, 1970) has demonstrated the accumulation or 
binding of calcium in this region, and its release as free ions 
during an action potential. Thus, it could correspondingly be 
assumed that in denervated muscle, large amounts of calcium could 
be bound in the sarcoplasmic reticulum. 

With the generation of an action potential, the depolar- 
izing current extends through T-Tubules, releasing free ionic 
calcium within thé vicinity of The contractile machinery. Hence, 
from the results in which the duration of the action potential in 
denervated muscle was found to be twice that of normal, it would 
be expected that the membranes would be depolarized for a longer 
time, releasing more calcium. Consequently, this could lead to an 


increase in the duration of the active state, as observed by Padsha 
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and Winchester (1968), and a longer duration of isometric twitch 
(Padsha, 1968). Both the above could possibly be accounted for in 
Terms of the relaxing factor, that is, if in denervated muscle 
there was a delay in the rebinding of calcium to the sarcoplasmic 
reticulum, there would remain more calcium in the jonic form at 
the actin-myosin junction, resulting in a prolongation of the 
duration of both active state and twitch. I+ has also been shown 
by Padsha and Winchester (1968) in denervated muscle, that the 
twitch tension, although smaller than in normal muscle at low temp- 
eratures, became approximately equal to normal at 35°C, the reason 
being that in normal muscle twitch tension decreased for temperatures 
_ greater than 20°C while in denervated it increased linearly. This 
could be explained by assuming at higher temperatures that: 
(1) in normal muscle calcium becomes more firmly 

bound with less released during the duration 

of an action potential and/or it becomes re- 

bound more rapidly; 

(2) in denervated muscle, more calcium becomes 

released during a longer duration of the 

action potential and/or its rebinding 

becomes delayed. Hence, this could result 

in the decrease in twitch tension in 

normal muscle, and the increase in twitch 

tension and duration in denervated muscle 

aie aCe 


A further observation reported on the effect of temperature at 35°C 
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was the increase in the twitch tetanus ratio of denervated muscle to 
almost double that or normal (Padsha & Winchester, 1968; Padsha, 
1968), again possibly being explained by assuming that more calcium 
would be made available by a longer duration of the action potential 
as well as by a delay in its rebinding. 

In the stimulation experiments, a direct attempt was made to 
relate the calcium influx with the mechanical properties of the muscle. 
Excluding the possibilities of error in these experiments as previously 
discussed, it could be stated that denervated muscle produced a 
smaller tetanic tension for all the temperatures used, and that 
although the related calcium influx slightly increased, this was 
insignificant compared to resting values. However, for normal 
musetle at °55°C, the increase inycaliciumeintluxwas signi ticant. = (hus, 
PiessuMeOT This olussothem observanlons Of "nNorna eas scompaped 10 
denervated muscle, i.e. the slower resting calcium fluxes, the smaller 
intracellular content of calcium, and the shorter duration of the 
action potential, lead to the possible conclusion that at 35°C, for 
the maintenance of normal mechanical activity, additional calcium 
may be needed from the external environment. However, in normal 
muscle at 25°C, where a prolongation in the duration of the action 
potential has been demonstrated, an additional extrinsic source of 
calcium need not be required for maintaining normal mechanical 
activity, as enough would be released from the sarcoplasmic reti- 
culum during a prolonged action potential. Similarly, this could 
apply to denervated muscle at 25°C and 35°C, where the duration of 


the action potential has been shown to be prolonged. 
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In the caffeine experiments, a similar association between 
tension and the related calcium movements was observed. At 15°C 
it was shown that after the addition of 20 mM caffeine, the tension 
produced was greater in normal than in denervated muscle, as was the 
difference between the resting and contracture calcium fluxes, i.e. 

a greater net release of calcium. The same effect was dup! icated 
upon raising the temperature to 35°C. Hence, these results support 
the premise that in normal muscle, as compared to denervated, for 
more tension to be produced, more free ionic calcium must be avail- 
able, in this case being supplied from the sarcoplasmic reticulum 
by the action of caffeine. 

A large amount of calcium was shown to be present in dener- 
vated muscle, this being readily released by caffeine, suggesting its 
presence in the sarcoplasmic reticulum. This posed the question as 
to the possible link between an increased calcium content and the 
numbers of myofilaments, which vary with the number of denervation 
days (Miledi & Slater, 1969), in producing tension. It would be 
expected with an increased number of myofilaments and a large amount 
of calcium available that the generated tension would be greater 
than normal. On the contrary, Miledi and Slater (1969) demonstrated 
in 7 to 8 days denervated muscle, the extreme of hypertrophy, that 
the resultant tension was less compared to normal muscle. Moreover, 
the studies of Feng and Lu (1965), quoted by Miledi and Slater (1969, 
page 260), indicated that in rat diaphragm hypertrophy involved only 
the smaller fibers, which histologically appear to be specialized 


for oxidative metabolism, the larger, appearently anaerobic fibers 
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being decreased in size. Therefore, the selective hypertrophy of 


slower fibers, causing them to predominate over faster ones, could 


possibly contribute to decreased tension development and prolonged 


contract lon. 


Besides this, there could be two other factors accounting 


for decreased tension development: 


(1) 


(2) 


an alteration in the contractile apparatus, 
i.e. a decrease in the fraction of muscle 
Sspace™occuplieduby myetibrils, nor al trag= 
mentation and degeneration of myofibrils, 

more distinctive in atrophy (Miledi & 

Slater, 1969); 

an alteration in the calcium activated ATPase 
activity, i.e. as shown by Hajik, Hanikova 

and Gutmanny (1967) in rat diaphragm, that 

The AlPase activity becomes decheased > days 
after denervation. Furthermore, in denervated 
muscle, the above workers have also suggested 
the newly synthesized contracttle proteins to 
be functionally inferior, thus accounting for a 
decreased tension and prolonged contraction 


speed in the presence of large amounts of calcium. 


From the glycerol treatment experiments, some light could 


be reflected upon the pathways of calcium movement, assuming: 


(1) 


that the majority of the T-tubules were disrupted 
in both muscle preparations, for which there was 


no direct evidence; 
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(2) that damage to the muscle fibers by glycerol 
was equivalent in both preparations. 

Thus, the greater calcium uptake by normal muscle within the first 5 
minutes following glycerol treatment, suggested, if the T-tubules were 
disrupted, that most of the calcium had entered through the surface 
membrane. Conversely, this inferred that in resting conditions in 
which calcium fluxes were greater for denervated muscle, that more 
calcium possibly entered through the T-tubules of denervated than 
normal muscle. In addition, recent studies by Winegrad (1968, 1970) 
have suggested most of the calcium efflux to occur through The T- 
tubules. Hence, providing the T-tubules were disrupted, most of The 
ert lux of "ealetium woulld besbteocked,"explainiine, if applicable ator 
rat diaphragm, the higher calcium uptake in normal and denervated 


muscle after glycerol treatment. 
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